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SUMMARY 


This  project  seeks  to  understand  the  material,  environmental,  and  interfacial 
factors  that  control  the  initiation  and  propagation  of  underpaint  corrosion  on  aerospace 
aluminum  alloys.  The  information  needed  to  understand  coating  breakdown  requires  the 
use  of  local  electrochemical,  optical,  and  chemical  methods. 


•  The  fidelity  of  local  electrochemical  impedance  maps  (LEIM)  of  coated  substrates 
was  examined  via  finite  element  methods  and  experiments  employing  micro¬ 
electrodes.  This  analysis  has  determined  that  the  predominant  spatial  and  temporal 
changes  in  the  experimental  data  acquired  via  LEM  is  a  result  of  chemical  and 
physical  phenomenon  associated  with  the  interface.  One  LEIM  feature  (troughing) 
may  be  a  measurement  artifact  that  results  from  the  finite  dimensions  of  the 
experimental  cell. 

•  The  local  electrochemical  events  associated  with  breakdown  of  coated  AA2024-T3 
could  result  from  either  a  low  resistance  pathway  (heterogeneity)  in  the  organic 
coating,  or  from  an  intense  local  electrochemical  process  on  the  substrate  covered  by 
a  coating  which  is  uniformly  reduced  in  impedance  by  moisture  and  ion  uptake. 
Initial  experiments  to  resolve  this  question  has  used  chloride  sensitive  fluoroprobes. 
These  probe  molecules  show  discrete  sites  of  chloride  uptake  in  the  coating,  and  thus 
support  the  discrete  pore  concept. 

•  Confocal  Scanning  Laser  Microscopy  (CSLM)  was  used  to  examine  in  situ  the  early 
stage  of  corrosion.  Galvanic  corrosion  at  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Fe-Mn 
intermetallic  phases  was  investigated  and  compared  on  bare  and  epoxy-coated, 
polished  surfaces  of  AA2024-T3.  The  results  showed  similar  morphology  of  attack  at 
each  type  of  intermetallic  compound  on  the  bare  surfaces  in  all  three  electrolytes 
investigated,  as  well  as  under  coated  surfaces  in  0.5  M  NaCl.  These  results  suggest 
that  the  morphology  and  mechanism  of  the  initial  stages  of  local  attack  may  be 
similar  in  all  of  these  systems  and  controlled  by  the  local  galvanic  coupling  between 
the  various  intermetallic  compounds  and  the  matrix. 

•  Scanning  vibrating  electrode  technique  (SVET)  demonstrated  that  blisters  on 
AAl  100  are  entirely  anodic  (the  cathodic  current  is  spread  over  the  coated  surface 
outside  the  blister).  For  AA2024,  a  dynamic  anode/cathode  relationship  is  often 
observed  within  the  blister.  Initially,  both  anodic  and  cathodic  regions  exist  within 
the  blister,  but  as  copper  replating  occurs,  the  blister  becomes  predominantly  a 
cathode,  driving  delamination  or  undercutting  of  the  coating  at  the  periphery  of  the 
blister. 
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1. 


PROJECT  OBJECTIVES 


The  Air  Force  requires  new  coating  systems  with  extended  service  lives  for  a  diverse 
range  of  environmental  conditions.  The  development  of  these  coatings  will  require  a 
mechanistic  understanding  of  how  the  variables  associated  with  the  exterior  environment, 
the  coating,  and  the  substrate  interact  to  eventually  lead  to  coating  damage.  A 
mechanistic  understanding  of  the  failure  of  coated  aluminum  will  be  essential  for:  the 
development  of  more  durable  coating  chemistries  and  surface  pretreatments,  improved 
application  methods,  better  inspection  techniques,  and  the  formulation  of  predictive 
models  for  coating  evaluation. 

This  study  has  examined  the  interaction  of  the  coating  chemistry,  alloy  composition  and 
microstructure,  surface  preparation,  and  environment  in  determining  the  durability  of 
painted  aluminum  alloy.  In  order  to  do  this,  experimental  techniques  have  been  used 
which  allow  the  characterization  of  local  chemical  and  electrochemical  events  within  and 
beneath  the  coating  on  a  microscopic  scale. 

The  specific  objectives  of  this  research  are  to: 

(i)  Characterize  the  types  and  number  density  of  local  coating  defects  on 
aluminum  alloys  and  examine  the  role  of  coating  chemistry,  alloy 
composition  and  microstructure,  surface  preparation,  and  environment  on 
the  initiation  and  evolution  of  defects. 

(ii)  Examine  the  solution  chemistry  that  develops  beneath  coating  defects  and 
determine  the  role  of  alloy  composition  and  microstructure,  coating 
chemistry,  and  environmental  variables  on  the  solution  and  its  connection 
to  the  initiation  and  development  of  coating  defects. 

(iii)  Determine  the  role  of  alloy  composition  and  microstructure,  and  surface 
pretreatment  on  the  nature  of  the  oxide  and  the  subsequent  impact  on 
performance. 

These  objectives  are  being  pursued  via  three  coordinated  thrusts:  (A)  Local  Defect 
Mapping  (Taylor),  (B)  Local  Defect  Chemistry/Electrochemistry  (Kelly),  and  (C)  Local 
Surface  Chemistry/Electrochemistry  (Scully).  This  interdisciplinary  interaction  is  focused 
on  resolving  the  three  critical  questions  concerning  coating  defects  on  aluminum: 

(i)  Are  breakdown  sites  related  entirely  to  the  properties  of  the  coating? 

(ii)  What  role  does  the  chemistry  of  the  bulk  environment  play  in  the  alteration  of 
coating  properties  and  the  life/death  cycle  of  metastable  coating  defects. 

(iii)  Are  these  defects  due  to  the  presence  of  a  particular  precipitate,  alloy 
composition,  or  constituent  phase  at  the  alloy  surface? 
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II.  ACCOMPLISHMENTS  AND  FINDINGS 


(A)  Local  Detection  and  Mapping  of  Coatings  Defects 

•  This  research  program  has  allowed  the  construction  and  development  of  a  central 
tool  for  characterizing  the  initial  electrochemical  breakdown  events  associated  with 
coating  degradation  and  underfilm  corrosion,  i.e.,  local  electrochemical  impedance 
mapping  (LEIM).  This  method  acquires  the  local  current  density  by  sampling  the 
electric  field  at  two  points  in  solution  above  the  electrochemical  interface. 

•  Characteristic  changes  in  the  LEI  map  of  initial  and  later  stage  breakdown  events 
were  observed.  These  features  include:  (1)  initial  admittance  dips  (impedance  spikes) 
during  underfilm  corrosion  initiation,  (2)  rise/decline  in  admittance  peaks  over  time, 
and  (3)  admittance  troughs  surrounding  admittance  peaks.  These  features  could  have 
significant  implications  in  the  interpretation  and  correlation  of  local  impedance  data 
of  underfilm  corrosion  processes  if  the  data  can  be  interpreted  as  being  a  result  of 
actual  physical  and  chemical  events  at  the  interface  and  not  measurement  artifact. 

•  Concern  over  the  fidelity  of  the  LEIM  measurement  launched  a  significant  effort  to 
mathematically  model  (analytically  and  via  finite  element  method)  the  expected 
electric  field  and  subsequent  LEIM  above  an  electrode  in  a  bare  and  coated 
condition.  These  modeling  results  were  verified  experimentally  with  a  gold  micro¬ 
electrode  array. 

•  The  results  of  the  mathematical  analysis  indicate  that  field  sampling  errors  that  can 
lead  to  artifacts  such  as  reductions  in  admittance,  are  accompanied  by  other  features 
that  are  not  observed  in  the  experimental  data.  This  has  lead  to  the  conclusion  that  the 
local  electrochemical  impedance  data  are  representative  of  the  chemical  and  physical 
phenomenon  associated  with  the  interface. 

•  FEM  modeling  indicates  that  the  finite  size  of  the  electrochemical  cell  may  contribute 
to  the  trough  observed  at  the  base  of  admittance  peaks.  This  result  becomes  less 
significant  as  the  defect  size,  d,  becomes  less  than  ca.  2%  of  the  total  cell  diameter,  D. 

•  Experiments  on  electrodes  fabricated  using  various  substrate  materials  (gold, 
platinum,  copper,  and  aluminum),  coating  materials  (epoxy,  vinyl,  polyurethane),  and 
conditions  (NaCl  islands,  AICI3  islands)  indicate  that  the  source  of  initial  admittance 
peaks  could  be  either:  (1)  a  defect  in  the  coating,  or  (2)  a  high  current  density  from  a 
local  corrosion  site  (e.g.,  intermetallic)  beneath  a  coating  having  generally  reduced 
barrier  properties  (e.g.  because  of  uniform  water  and  ion  uptake).  The  presence  or 
propensity  of  a  local  admittance  event  on  a  coated  substrate  may  be  the  result  of  an 
intrinsic  chemical  heterogeneity  or  it  may  result  from  subsequent  coating  hydrolysis 
via  the  underfilm  chemistry. 

•  Thus,  the  observation  of  an  admittance  peak  can  not  be  assumed  to  result  from  an  a 
priori  coating  defect.  The  precise  delineation  of  the  origins  of  coating  breakdown 
(i.e.,  whether  it  is  the  result  of  an  initial  defect  in  the  coating  or  whether  coating 
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breakdown  is  the  result  of  intermetallic  compounds)  will  require  the  use  of  new 
experimental  methods. 

•  Proof  of  concept  experiments  have  been  performed  using  chloride  sensitive 
fluoroprobes  on  chloride  soaked  epoxy  coatings  spin  cast  on  glass  slides.  These 
experiments  have  revealed  discrete  sites  (ca.  10-50  pm  in  diameter)  of  chloride 
concentration  on  coating  surfaces.  At  this  time,  it  is  not  known  whether  these  sites 
penetrate  through  the  coating. 

•  A  new  LEIM  system  with  LabView  software  has  been  constructed.  This  system  is 
operational  and  is  presently  undergoing  testing. 

(B)  Local  Chemistry  and  Electrochemistry  within  Coating  Defects 

•  The  confocal  laser  scanning  microscope  (CLSM)  has  been  used  to  study  the  corrosion 
occurring  on  bare  and  coated  AA2024-T3.  In  addition  to  allowing  quantitative 
surface  metrology  studies  after  corrosion  testing,  microscope  stages  have  been 
designed,  built,  and  used  to  study  bare  and  coated  surfaces  in  situ. 

•  Effort  has  been  spent  on  characterization  of  the  anode/cathode  separation  within  and 
outside  blisters  on  AAl  100  and  AA2024  in  a  comparative  study  using  the  scanning 
vibrating  electrode  technique  (SVET). 

•  Characterization  of  the  local  chemistry  within  blisters  via  microelectrode 
measurements  of  pH,  electrode  potential,  and  impedance  continued  as  a  function  of 
bulk  solution  composition.  In  addition,  the  development  of  corrosion  morphology 
within  the  blisters  was  investigated. 

•  The  bulk  electrolyte  did  not  did  not  affect  the  concentration  of  species  within  the 
blisters.  Active  blisters  showed  high  concentrations  of  chloride  and  the  components 
of  the  alloy,  except  for  copper.  Copper  replating  was  observed,  but  the  concentration 
of  copper  in  solution  was  very  low. 

•  CLSM  was  used  quantitatively  to  evaluate,  in-situ,  the  corrosion  topography  of  A1 
alloys  both  bare  (with  J.  Scully  and  G.  Ilevbare)  and  coated  with  a  clear  epoxy  (with 
O.  Schneider). 

•  Galvanic  corrosion  at  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Fe-Mn  intermetallic  phases  was 
investigated  (with  Scully  and  Illevbare)  and  compared  on  bare  and  epoxy-coated, 
polished  surfaces  of  AA2024-T3.  The  results  showed  similar  morphology  of  attack  at 
each  type  of  intermetallic  compound  on  the  bare  surfaces  in  all  three  electrolytes 
investigated,  as  well  as  under  coated  surfaces  in  0.5  M  NaCl.  These  results  suggest  that 
the  morphology  and  mechanism  of  the  initial  stages  of  local  attack  may  be  similar  in  all 
these  systems. 

•  The  global  potential  and  the  local  potential  associated  with  the  intermetallic  particles 
(IMCs)  of  the  alloy  combined  to  control  blister  initiation.  The  global  potential  was 
controlled  in  large  part  by  the  bulk  chloride  concentration  and  its  effects  on  water 
uptake.  The  effect  of  varying  chloride  concentrations  revealed  a  process  that 
competed  with  potential  control  for  blister  initiation:  water  uptake  by  the  coating.  At 
low  Cr  concentrations,  the  degree  of  open  circuit  pitting  was  the  controlling 
parameter  for  blister  initiation  whereas  at  high  Cl'  concentrations  water  uptake 
dominated. 

•  In  neutral  solutions,  underfilm  corrosion  in  the  early  stages  involved  corrosion  at 
intermetallic  particles.  Upon  blister  growth,  trenching  could  be  observed  around 
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particles  immediately  after  they  became  incorporated  into  the  blister.  At  longer 
times,  the  particles  themselves  corroded.  The  most  severe  corrosion  did  not  always 
take  place  at  the  initial  blister  site.  The  distribution  of  intermetallic  particles  seemed 
to  determine  where  the  most  severe  corrosion  occurs.  In  acidic  NaCl  solutions, 
general  attack  on  the  Al-matrix  seemed  to  be  more  important  than  intermetallic 
particle  corrosion.  In  acidic  sulfate  solutions,  the  coating  started  to  fail  at  many 
locations  at  the  same  time. 

•  In  a  study  comparing  the  blistering  behavior  of  AAl  100  and  AA2024,  it  was  found  that 
although  the  time  to  form  blisters  is  longer  on  the  lower  Cu  alloy  (AAl  100),  the  lateral 
growth  of  the  blisters  is  much  faster.  This  latter  result  is  consistent  with  the  lower  dry 
adhesion  strength  of  epoxy  coatings  on  AAl  100.  The  corrosion  within  blisters  on 
AA2024  appears  to  grow  in  the  depth  direction  more  rapidly  than  the  AAl  100. 

•  The  scanning  vibrating  electrode  technique  (SVET)  was  used  to  demonstrate  that 
blisters  on  AAl  100  are  entirely  anodic  (the  cathodic  current  is  spread  over  the  coated 
surface  outside  the  blister).  For  AA2024,  a  dynamic  anode/cathode  relationship  is 
observed  within  the  blister.  Initially,  both  anodic  and  cathodic  regions  exist  within 
the  blister,  but  as  copper  replating  occurs,  the  blister  becomes  predominantly  a 
cathode,  driving  delamination  or  undercutting  of  the  coating  at  the  periphery  of  the 
blister. 


(C)  Role  of  Alloy  Composition  and  Surface  Treatment  on  Coating  Performance 

•  The  primary  objective  was  to  determine  the  role  of  substrate  alloy  microstructure  and 
composition  on  underpaint  corrosion.  Specifically  we  sought  to  examine  and 
characterize  the  corrosion  damage  morphologies  produced  under  an  organic  coating 
during  the  earliest  stages  of  underpaint  corrosion  when  microgalvanic  coupling 
occurs  between  intermetallic  compounds  and  the  A1  matrix.  Precipitation  hardened 
aerospace  alloys  such  as  AA  2024-T3  were  the  focus  of  the  investigation. 

•  A  secondary  objective  was  to  further  our  understanding  of  the  role  of  microstructure 
in  the  initiation  and  propagation  stages  of  underpaint  corrosion.  We  sought  to 
characterize  the  transition  from  micrometer  scale  damage  events  associated  with 
micrometer  scale  intermetallic  compounds  to  millimeter  scale  coating  defects  such  as 
blisters.  In  collaboration  with  Prof  Kelly’s  research  group,  these  studies  were 
conducted  in  various  bulk  solution  chemistries.  Another  secondary  objective  was  to 
enhance  our  understanding  of  pretreatments  such  as  chromate  conversion  coating  on 
corrosion  rates  and  damage  morphologies  on  bare  as  well  as  organically  coated  AA 
2024-T3. 

•  In  order  to  achieve  these  goals,  the  confocal  scanning  laser  microscopy  (CSLM) 
method  was  optimized  for  study  of  underpaint  corrosion  on  AA  2024-T3  substrates 
through  neat  resins  in  conjunction  with  R.G.  Kelly  and  his  group. 

•  The  CSLM  method  was  optimized  for  studying  underpaint  corrosion  in  situ.  To 
achieve  this  goal  exposure  cells  were  designed  and  built,  images  of  corroding  AA 
2024-T3  surfaces  were  captured  illustrating  the  role  of  IMCs.  CSLM  images  taken 
with  both  an  underwater  and  air  lens  were  compared  to  scanning  electron  microscope 
images  in  order  to  determine  whether  CSLM  surface  feature  sizes  and  areas  agreed 
with  those  seen  in  the  scanning  electron  microscope  using  secondary  electron 
imaging.  The  capabilities  now  exist  within  the  UVa  group  to  study  the  role  of 
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microstructure  on  underpaint  corrosion  in  situ  on  heterogeneous  alloy  surfaces  with 
micrometer  scale  spatial  resolution.  Studies  were  conducted  on  bare,  organic  coated 
and  chromate  conversion  coated  AA  2024-T3. 

•  In  order  to  further  the  study  the  role  of  microstructure  on  filiform  corrosion  in  humid 
air,  humidity  chambers  and  specimen  configurations  were  designed  using  micro-  and 
millimeter  scale  engineered  arrays  of  anodes  and  cathodes.  Micron  scale  anodes  and 
cathodes  could  be  devised  using  Galium  implantation  and  Cu  deposition, 
respectively.  Millimeter  scale  anodes  and  cathodes  could  be  designed  and  used  by 
constructing  arrays  of  close-packed  flush  mounted  wires. 

•  In  order  to  advance  the  study  of  underpaint  corrosion  at  the  mm-scale,  preliminary 
trial  experiments  were  conducted  on  close-packed  arrays  of  wires  connected  to 
separately  addressable  zero  resistance  ammeters.  Al,  Al-Cu,  and  Al-Cu-Mg  wires 
were  acquired  for  construction  of  model  alloy  surfaces. 

•  Progress  was  also  made  towards  developing  local  impedance  methods  that  would 
enable  EIS  measurements  during  humid  air  exposure.  We  will  continue  towards 
replacement  of  global  EIS  methods  with  local  methods  using  a  variety  of  approaches. 

•  The  CLSM  method  was  optimized  for  the  investigation  of  corrosion  processes  on 
aluminum  alloy  AA2024-T3  occurring  underneath  a  transparent  organic  coating.  The 
ability  of  the  microscope  to  monitor  the  three  dimensional  topography  of  both  the 
alloy  surface  under  the  coating  and  the  surface  of  the  coating  itself,  was 
demonstrated.  The  resolution  limits  (x,y,z),  when  imaging  through  a  bulk  solution, 
coating  and  coating  blister  solution  are  better  than  1  pm.  The  technique  described  has 
potential  to  clarify  the  roles  of  alloy  heterogeneity  and  corrosion  damage  associated 
with  intermetallic  phases  at  the  micrometer  scale  on  coating  blister  formation  and 
growth.  Optimization  of  the  CSLM  method  will  enable  further  in  situ  examinations  of 
underpaint  corrosion  using  a  non-contact  method  with  high  resolution. 

•  The  initial  stages  of  underpaint  corrosion  were  characterized  in  a  range  of 
environments.  Galvanic  corrosion  at  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Fe-Mn 
intermetallic  phases  was  investigated  and  compared  on  bare  and  epoxy-coated, 
polished  surfaces  of  AA2024-T3.  Exposures  were  conducted  in  0.1  M  Na2S04  + 

0.005  M  NaCl  (pH  6),  0.1  M  Na2S04+  0.005  M  NaCl  +  0.0001  M  NaOH  (pH  10), 

0.1  M  Na2S04+  0.005  M  Cf  (as  AICI3)  (pH  3)  and  0.5  M  NaCl  (pH  6).  The  results 
showed  similar  morphology  of  attack  at  each  type  of  intermetallic  compound  on  the 
bare  surfaces  in  all  three  electrolytes  investigated,  as  well  as  under  coated  surfaces  in 
0.5  M  NaCl.  Specifically,  variations  in  composition  were  observed  amongst  particles 
with  the  same  elemental  constituents.  The  composition  of  some  of  the  intermetallic 
particles  were  consistent  with  the  stoichiometry  of  the  most  common  intermetallics  in 
AA  2024-T3,  namely:  O-AbCu,  S-A^CuMg  and  Al2oCu2(MnFe)3. 

•  Scanning  electron  microscopy  showed  that  some  agglomerated  intermetallic  particles 
contained  more  than  one  phase.  This  led  to  different  rates  and  morphologies  of 
corrosion  attack  within  one  agglomerated  particle.  The  Al-Cu-Mg  particles  were  the 
most  active  towards  corrosion  in  all  the  electrolytes  investigated  on  the  bare  polished 
samples. 

•  Corrosion  within  some  intermetallic  particles  was  localized.  All  Al-Cu  and  Al-Cu- 
Mn-Fe  particles  do  not  have  the  same  propensity  to  promote  trenching  of  the  Al- 
matrix  by  the  mechanism  of  cathodic  corrosion  due  to  high  cathodic  reaction  rates  on 
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IMCs.  This  was  observed  in  0.1  M  Na2S04+  0.005  M  NaCl  (pH  6),  0.1  M  Na2S04  + 
0.005  M  NaCI  +  0.0001  M  NaOH  (pH  10)  and  0.1  M  Na2S04+  0.005  M  Cl'  (as 
AICI3)  (pH  3).  The  morphology  of  initial  stages  of  eorrosion  attaek  at  the  miero-seale 
at  the  intermetallic  compounds  on  bare  AA  2024-T3  is  the  same  in  all  the  electrolytes 
investigated. 

•  Preliminary  indications  are  that  pitting  in  either  the  matrix  or  at  small  matrix  particles 
is  more  evident  in  0.5  M  NaCl  than  in  other  solutions  used.  In  other  words,  high 
chloride  content  promotes  pitting.  Underpaint  corrosion  at  the  micrometer  scale  was 
also  accelerated  by  high  NaCl  concentrations  suggesting  a  role  for  pitting  corrosion  in 
addition  to  cathode  trenching.  Therefore,  models  of  underpaint  corrosion  must 
consider  a  role  for  halide  ions. 

•  Chromate  conversion  coatings  inhibited  any  changes  in  surface  morphological  during 
corrosion  at  the  micrometer  scale  when  studied  in-situ  by  CLSM,  be  it  at  anode  (Al- 
Cu-Mg)  or  cathode  (Al-Cu-Mn-Fe)  sites. 

•  Indications  of  trenching  of  the  Al-matrix  due  to  cathodic  corrosion  around 
intermetallic  compounds  was  observed  in  coating  blisters  formed  under  organic 
coatings  in  0.5  M  NaCl  solutions.  These  results  suggest  that  the  morphology  and 
mechanism  of  the  initial  stages  of  local  attack  may  be  similar  in  all  these  systems  and 
that  the  initial  stages  of  underpaint  corrosion  occurs  initially  in  association  with  local 
galvanic  couples. 
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Microscopy  Surface  Metrology  Studies  of  Corrosion  on  AA2024-T3,  in  Corrosion 
and  Corrosion  Prevention  on  Low  Density  Metals  and  Alloys,  ECS  PV  2000-23,  Eds. 
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Scanning  Microscopy  Surface  Metrology  Studies  of  Corrosion  of  AA  2024-T3: 
Influence  of  Electrol)4:e  Compositions  that  Simulate  Coating  Blisters,  Triservices 
Corrosion  Conf ,  San  Antonio,  TX,  January,  (2002). 

6.  D.A.  Little,  B.J.  Connolly,  and  J.R.  Scully,  "An  Electrochemical  Framework  to 
Explain  the  Intergranular  Stress  Corrosion  Path  of  Two  Al-Cu-Mg-Ag  Alloys",  ,  in 
Corrosion  and  Corrosion  Protection,  J.D.  Sinclair,  R.P.  Frankenthal,  E.  Kalman,  and 
W.  Plieth,  Editors,  PV  2001-22,  pp.l  143-1 155,  The  Electrochemical  Society, 
Pennington,  NJ  (2001). 


VI.  INTERACTIONS/TRANSITIONS 
S.R.  Taylor 

a.  Participation/presentation  at  meetings,  conferences,  seminars,  etc. 

•  A.M.  Mierisch  and  S.R.  Taylor,  “Interpretation  of  LEI  Maps  of  Coated  Substrates”,  The 
Electrochemical  Society  Meeting,  Fall  1999,  Honolulu,  Hawaii. 

•  S.R.  Taylor,  “Incentives  for  Using  Local  Electrochemical  Impedance  Methods  in  the 
Investigation  of  Organic  Coatings”,  Presented  at  the  26*  International  Conference  in 
Organic  Coatings,  Vouliagmeni,  Greece,  July  2000.  (invited). 

•  S.R.  Taylor,  “An  Examination  of  Possible  Synergy  Between  Paired  Combinations  of 
Transition  and  Rare  Earth  Metal  Salts”,  The  Electrochemical  Society  Meeting,  Spring 
2000,  Toronto,  Ontario,  CA 

•  R.B.  Leggat,  S.R.  Taylor,  R.G.  Buchheit,  and  W.  Zhang,  “The  Corrosion 
Performance  of  Field  Applied  Chromate  Conversion  Coatings”,  The  Electrochemical 
Society  Meeting,  Spring  2000,  Toronto,  Ontario,  CA 

•  S.R.  Taylor,  R.B.  Leggat,  R.G.  Buchheit,  et  al.,  “Environmentally  Compliant 
Corrosion  Resistant  and  Electrically  Conductive  Inorganic  Coatings”,  2000  Corrosion 
Review  Workshop,  Hawk’s  Cay  Resort,  Duck  Key,  Florida,  USA,  January  2000 

•  S.R.  Taylor,  “The  Role  of  Coating  and  Substrate  Heterogeneities  in  the  Long-Term 
Performance  of  Painted  Aluminum  Alloys”,  2000  Corrosion  Review  Workshop, 
Hawk’s  Cay  Resort,  Duck  Key,  Florida,  USA,  January  2000. 

•  Co-editor  of  Localized  In-Situ  Methods  for  Investigating  Electrochemical  Interfaces. 
Proceedings  Volume  99-28,  Ed.  by  S.R.  Taylor,  A.C.  Hillier,  and  M.  Seo,  The 
Electrochemical  Society,  Pennington,  NJ,  (2000). 

•  R.B.  Leggat,  E.A.  Pehovaz-Diez,  N.P.  Celia,  “Optimization  of  Bath  Chemistry  for 
Hydrotalcite-Based  Conversion  Coatings  of  Aerospace  Aluminum  Alloys”,  presented  at 
Fall  ECS  Meeting,  Phoenix,  AZ,  Oct.  2000. 

•  S.R.  Taylor,  “  Incentives  for  Using  Local  Electrochemical  Impedance  Methods  in  the 
Investigation  of  Organic  Coatings”,  presented  at  3M  Austin  Center,  Austin,  TX,  Aug. 
2000  (invited). 
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•  S.R.  Taylor,  “  Incentives  for  Using  Local  Electrochemical  Impedance  Methods  in  the 
Investigation  of  Organic  Coatings”,  6*’’  Biennial  Conference  on  the  Science  and 
Technology  of  Organic  Coatings,  Hilton  Head,  SC,  Nov.  2000  (invited). 

•  S.R.  Taylor,  R.B.  Leggat,  R.G.  Buchheit,  et  al.,  “Environmentally  Compliant  Corrosion 
Resistant  and  Electrically  Conductive  Inorganic  Coatings”,  2001  Corrosion  Review 
Workshop,  Hawk’s  Cay  Resort,  Duck  Key,  Florida,  USA,  January  2001. 

•  S.R.  Taylor,  “The  Role  of  Coating  and  Substrate  Heterogeneities  in  the  Long-Term 
Performance  of  Painted  Aluminum  Alloys”,  2001  Corrosion  Review  Workshop, 
Hawk’s  Cay  Resort,  Duck  Key,  Florida,  USA,  January  2001. 

•  Attended  “IR  Spectroscopy:  Interpretation  of  Infrared  and  Raman  Spectra”,  Short 
Course  at  Bowdoin  College,  Bowdoin,  ME,  July  2001. 

•  Attended  Gordon  Conference  on  “Coatings  and  Thin  Films”,  New  London,  NH,  July 

2001. 

•  R.B.  Leggat  and  S.R.  Taylor,  “Epoxy  Adhesion  to  Hydrotalcite:  Correlation  Between 
Contact  Angle  and  Electrokinetic  Measurements”,  2002  Tri-Service  Conference, 
AFRL,  San  Antonio,  TX  .  (poster) 

•  P.  Moongkhamklang  and  S.R.  Taylor,  “The  Role  of  Coating  Heterogeneities  in  the 
Long-Term  Performance  of  Coated  Aluminum  Alloys:  Delineation  of  Ionic  Pathways 
Using  a  Molecular  Probe”,  2002  Tri-Service  Conference,  AFRL,  San  Antonio,  TX 
(presentation  and  poster). 

b.  Consultative  and  advisory  activities 

none 

c.  Transitions 
LEIM: 

“A  High  Resolution  Local  Electrochemical  Impedance  Mapping  and  Spectroscopy 
System”  (provisional  patent  filed,  patent  application  was  not  pursued  by  the  U.Va.  Patent 
Foundation) 

Bob  Ross  -  Virginia  Technology  Inc.,  Charlottesville,  VA  -  Has  assisted  in  LabView 
software  development. 

Meetings/interactions  with  potential  licencees: 

Bill  Eggers,  Perkin  Elmer  (Spring  2001). 

James  Mason  -  Solartron  (Summer  2001) 

Martincek  -  Gamry  Instruments  (Spring  2001) 


R.G.  Kelly 

a.  Participation/presentation  at  meetings,  conferences,  seminars,  etc. 

•  J.M.  Williams,  "A  Comparison  of  the  Localized  Coating  Failure  of  AAl  100  and 
AA2024",  NACE  Meeting  2000,  26-31.  March  2000,  Orlando,  Florida  (student  poster 
session). 

•  J.M.  Williams,  O.  Schneider,  R.G.  Kelly, ,  "A  Comparison  of  the  Localized  Coating 
Failure  of  AAl  100-H19  and  AA2024-T3",  197th  meeting  of  the  Electrochemical 
Society;  14-18  May  2000,  Toronto,  Ontario  (poster). 
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•  O.  Schneider,  R.G.  Kelly,  "Influence  of  the  Bulk  Solution  Composition  on  the  Blister 
Formation  on  AA2024",  197th  meeting  of  the  Electrochemical  Society;  14-18 
May2000,  Toronto,  Ontario  (poster). 

•  J.M.  Williams,  O.  Schneider,  R.G.  Kelly,  "A  Comparison  of  the  Localized  Coating 
Failure  of  AAl  100-H19  and  AA2024-T3”,  Gordon  Research  Conference  on  Aqueous 
Corrosion,  23-28July2000,  New  London,  NH  (poster). 

•  O.  Schneider,  R.G.  Kelly;  "Influence  of  the  Bulk  Solution  Composition  on  the  Blister 
Formation  on  AA2024",  GRC  conference  on  aqueous  corrosion,  23-28July2000,  New 
London,NH  (poster). 

•  J.  Williams,  Oral  presentation,  78*’’  annual  meeting  of  the  Virginia  Academy  of 
Science,  May  2000,  Radford,  VA,  entitled  “A  Comparison  of  the  Localized  Coating 
Failure  of  AAl  100-H14  and  AA2024-T3.” 

•  J.  Williams,  poster,  2001  Air  Force  Office  of  Scientific  Research  Corrosion  Program 
Review,  January  2001,  Duck  Key,  FL. 

•  R.  G.  Kelly,  S.  R.  Taylor,  J.  R.  Scully,  "The  Role  of  Coating  Defects  and  Substrate 
Heterogenieties  in  the  Long-Term  Performance  of  Painted  A1  Alloys,"  State  Key 
Laboratory  on  Marine  Corrosion  and  Protection,  Qindao  Corrosion  and  Protection 
Laboratory,  Qingdao,  People's  Republic  of  China,  August  14,  2001  (invited). 

b.  Consultative  and  advisory  activities 

Dr.  Deborah  Peeler 

Materials  and  Manufaeturing  Directorate 
AFRL/MLSA 
2719  U'^SuRm.  122 
Wright-Patterson  AFB,  OH  45433-7718 
(937)  255-4251  (phone) 

I  have  continued  to  assist,  in  collaboration  with  John  Scully  and  others,  with  the 
development  and  implementation  of  framework  for  corrosion  management  of 
aging  aircraft,  specifically  the  KC-135.  The  result  is  an  executable  corrosion 
prediction  program  for  lap  joint  corrosion  that  considers  current  corrosion 
condition  and  future  basing  to  predict  future  corrosion  damage.  The  program  will 
be  available  at  the  2001  ASIP  meeting  in  December,  2001. 

c.  Transitions 

none 


J.R.  Scully 

a.  Participation/presentations  at  meetings,  conferences,  seminars,  etc. 

•  J.R.  Scully,  R.G.  Kelly,  M.  Altynova  “A  Model  to  Predict  Corrosion  Damage  in 
Aging  Aircraft”  NACE  Research  in  Progress  Symposium  -  Life  Prediction 
Session,  NACE  Corrosion  2001,  Houston,  Texas,  March  (2001).  (invited) 

•  O.  Schneider,  G.O.  Ilevbare,  J.R.  Scully,  R.G.  Kelly,  Poster:  “In-situ  Confocal 
Scanning  Laser  Microscopy  Studies  of  the  Corrosion  of  Bare  and  Coated  AA 
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2024-T3,”  Technical  poster,  2001  Air  Force  Office  of  Scientific  Research 
Corrosion  Program  Review,  January  2001,  Duck  Key,  FL. 

•  G.O.  Ilevbare,  O.  Schneider,  R.G.  Kelly,  J.R.  Scully,  “In-situ  Confocal  Laser 
Microscopy  Surface  Metrology  Studies  of  Corrosion  on  AA2024-T3,  in  Corrosion 
and  Corrosion  Prevention  on  Low  Density  Metals  and  Alloys,  Electrochemical 
Soc.  Meeting,  Phoenix,  AZ,  Fall  2000. 

•  G.O.  Ilevbare,  C.  Jeffcoate,  J.R.  Scully,  “Electrochemical  Behavior  of  Selected 
Intermetallic  Compounds  in  AA  2024-T3  after  Chromate  Conversion  Coating,”  In 
the  International  Symposium  in  Honor  of  Prof  Norio  Sato:  Passivity  and 
Localized  Corrosion,”  The  Electrochemical  Society  Meeting,  Hawaii,  Fall  1999. 

•  G.O.  Ilevbare,  O.  Schneider,  R.G.  Kelly,  J.R.  Scully  “In-Situ  Confocal  Laser 
Scanning  Microscopy  Surface  Metrology  Studies  of  Corrosion  of  AA  2024-T3: 
Influence  of  Electrolyte  Compositions  that  Simulate  Coating  Blisters,  Triservices 
Corrosion  Conf ,  San  Antonio,  TX,  January,  (2002). 

•  D.  Peeler,  R.G.  Kelly,  M.  Altynova,  J.R.  Scully,  Poster:  “A  Model  to  Predict 
Corrosion  Damage  in  Aging  Aircraft,”  Triservices  Corrosion  Conf.,  San  Antonio, 
TX,  January,  (2002). 

•  J.R.  Scully,  G.O.  Ilevbare,  “The  Role  of  Coating  and  Substrate  Heterogeneities  in 
the  Long-Term  Performance  of  Painted  Aluminum  Alloys:  Effects  of  Substrate 
Metallurgy”,  2001  Corrosion  Review  Workshop,  Hawk’s  Cay  Resort,  Duck  Key, 
Florida,  USA,  January  2001. 

•  J.R.  Scully,  D.A.  Little,  “The  Role  of  Coating  and  Substrate  Heterogeneities  in  the 
Long-Term  Performance  of  Painted  Aluminum  Alloys:  Effects  of  Substrate 
Metallurgy”,  2001  Corrosion  Review  Workshop,  Masion  Del  Rio,  San  Antonio, 
TX,  USA,  January  2002. 

•  D.A.  Little,  B.J.  Connolly,  and  J.R.  Scully,  "An  Electrochemical  Framework  to 
Explain  the  Intergranular  Stress  Corrosion  Path  of  Two  Al-Cu-Mg-Ag  Alloys", , 
in  Corrosion  and  Corrosion  Protection,  The  Electrochemical  Society  Meeting,  San 
Francisco,  CA,  USA,  September,  (2001). 

b.  Consultative  and  advisory  activities 

•  Continue  to  serve  as  a  consultant  to  S&KT  technologies  in  Dayton,  OH  on  program 
to  develop  a  corrosion  model  to  anticipate  and  manage  corrosion  in  KC-135  Tankers. 
Participated  in  the  following  technical  interchange  meetings: 

Columbus,  Ohio,  Battelle  Memorial  Labs,  October,  2000 

Dayton,  Ohio,  UDRI,  March,  2001 

Dayton,  Ohio,  UDRI,  June,  2001 

Dayton,  Ohio,  UDRI,  Nov.  2001 

Dayton,  Ohio,  Da54on  Marriot,  April  2002 

•  Efforts  include  corrosion  prediction  and  modeling  so  that  the  influence  of  corrosion 
damage  on  structural  integrity  may  be  assessed.  Consulting  has  also  involved  studies 
of  the  effects  of  corrosion  prevention  compounds  on  local  corrosion,  stress  corrosion 
and  corrosion  fatigue.  Current  scope  includes  fuselage  and  wing  components. 

•  Interacted  with  the  following  personnel  in  an  advisory  role  on  this  program: 

Mr.  Jim  Suzel:  KC-135  Corrosion  Repair  Task  Orders, 

Mr.  John  Wensit  (SK&T), 
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Dr.  Jill  Ullett  (SK&T), 

D.  Hoeppner,  (FASIDE), 

Craig  Brooks  (APES), 

Dr.  Deb  Peeler  (DOD), 

Mr.  Dick  Kenzie  (DOD), 

Mr.  Nick  Bellinger  (NRC-Canada), 

Dr.  Garry  Abfalter  (UDRJ). 

•  Ongoing  discussion  regarding  chromate  inhibition  issues.  Dr.  Martin  Kendig, 

Rockwell  International  Science  Center,  1049  Camino  Dos  Rios,  Thousand  Oaks,  CA. 

c.  Transitions 

•  L.  Scribner  of  Scribner  Associates  has  been  advised  on  methods  to  construct  close 
spaced  wire  arrays  to  simulate  planar  electrodes  with  spatially  resolved 
electrochemical  measurement 


VII.  NEW  DISCOVERIES,  INVENTIONS,  PATENT  DISCLOSURES 

•  The  finite  element  method  (FEM)  was  used  for  the  first  time  to  examine  the  electric 
field  about  micro-electrodes  within  a  finite  dimensioned  electrochemical  cell.  FEM 
revealed  field  alterations  previously  unobserved  by  others  using  conventional 
analytical  approaches. 

•  The  Confocal  Scanning  Laser  Microscope  was  used  to  document  corrosion 
morphologies  around  IMCs  in  situ. 

•  Arrays  of  coated  electrodes  simulating  planar  electrodes  were  constructed,  coating, 
and  investigated.  A  novel  feature  was  that  the  ability  to  study  coating  degradation 
during  atmospheric  corrosion  was  enabled  by  embedding  sensing  electrodes  within 
the  array. 


VII.  HONORS/AWARDS 

•  J.  Williams  was  selected  for  a  Virginia  Space  Grant  Consortium  grant  to  supplement 
her  stipend  and  assist  in  her  project. 

•  R.  G.  Kelly  was  selected  as  the  2001  recipient  of  the  Robert  T.  Foley  award  of  the 
National  Capital  section  of  the  Electrochemical  Society  for  contributions  to 
electrochemical  education  and  science. 

•  J.R.  Scully  was  named  a  Society  Fellow  of  the  National  Association  of  Corrosion 
Engineers  (NACE)  (Spring  2002). 

•  Ashley  Lucente  was  elected  as  a  finalist  in  the  University  of  Virginia,  SEAS 
Undergraduate  Research  and  Design  Symposium,  (Spring  2002). 
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APPENDIX 
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THE  ROLE  OF  COATING  HETEROGENEITIES  IN  THE  LONG-TERM 
PERFORMANCE  OF  COATED  ALUMINUM  ALLOYS: 
DELINEATION  OF  IONIC  PATHWAYS  USING  A  MOLECULAR  PROBE 

P.  Moongkhamklang  and  S.  R.  Taylor 

Center  for  Electrochemical  Science  and  Engineering 
University  of  Virginia 


ABSTRACT 

The  mode  of  ion  entry  through  thin  epoxy  coatings  was  investigated  using  a  chloride 
specific  chromophore  in  conjunction  with  fluorescence  microseopy.  10  pm  thick  epoxy  coatings 
spin  cast  on  glass  slides  were  exposed  to  NaCl  solutions  at  ambient  and  low  (pH=3)  pH  for  1, 3, 
and  5  days.  An  additional  material  variable  examined  was  the  age  of  the  material  components  as 
assessed  from  the  date  of  manufaeture.  Following  exposure  to  chloride  solutions,  the  films  were 
exposed  to  a  chloride  specific  chromophore,  6-methoxy-N-ethylquinolinium  iodide  (MEQ). 
Fluorescence  microseopy  indicated  that  chloride  ions  were  clustered  in  diserete  sites  on  the 
surface  of  the  coatings.  The  number  of  defect  sites  appeared  qualitatively  to  increase  with  NaCl 
exposure  time,  but  not  to  increase  at  low  pH.  This  proof  of  concept  experiment  provides  a  new 
avenue  for  the  characterization  and  quantification  of  coating  degradation. 


INTRODUCTION 

One  of  the  earliest  proposed  and  most  widely  accepted  mechanisms  by  which  organic 
coatings  provide  corrosion  protection  is  that  of  barrier  protection  [1].  It  is  now  generally  agreed 
that  conventional  organic  coatings  function  by  providing  a  barrier  to  ionic  species  [2]  as  opposed 
to  water  and  oxygen  [3].  However,  the  mode  by  which  ions  enter  and  move  through  the  coating, 
i.e.,  via  discrete  sites  vs.  a  homogeneous  front,  remains  unclear. 

Two  divergent  theories  have  been  proposed  for  ionic  transport  through  contiguous 
organic  films  as  presented  in  reference  4.  One  theory  proposes  that  the  flux  of  ions  across  the 
film  is  established  by  the  presence  of  small  imperfections  or  pores,  which  extend  through  the 
thickness  of  the  coating  and  have  cross-sections  that  are  larger  than  the  free  areas  typically 
present  between  the  molecular  chains  of  the  matrix  [5-7].  An  alternate  theory  proposes  that  the 
ions  pass  through  the  bulk  matrix  of  the  polymer  film  [8],  but  that  there  are  regional  differences 
within  a  single  coating  with  regards  to  ion  selectivity  [9].  These  latter  studies  resulted  in  the 
proposed  D  (direct)  and  I  (indirect)  character  of  coating  conductivity  changes. 

Recent  research  within  these  laboratories  has  examined  the  initial  electrochemical 
phenomenon  associated  with  coating  breakdown  on  coated  aluminum  alloys  using  local 
electrochemical  impedance  spectroscopy  (LEIM)[10-12].  Admittance  peaks  observed  during 
early  times  of  chloride  exposure  and  prior  to  visible  corrosion  have  been  attributed  to  local 
coating  sites  having  reduced  barrier  properties,  i.e.,  pores.  These  LEIM  results  were  considered 
as  direct  confirmation  of  the  coating  pore  concept.  However,  more  recent  experiments  using 
various  combinations  of  coating  materials  (vinyl,  epoxy,  polyurethane)  and  substrates  (Au,  Pt, 

Al,  Cu)  indicate  that  an  alternate  explanation  for  these  admittance  peaks  is  plausible.  These 
experiments  have  indicated  that  an  LEIM  admittance  peak  observed  on  a  eoated  alloy  could 
result  from  a  substrate  site  of  low  interfacial  impedance  covered  by  a  coating  whose  general 
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barrier  properties  are  also  intrinsically  low  but  have  been  further  reduced  by  uniform  moisture 
and  ion  ingress.  For  example,  the  low  interfacial  impedance  of  the  substrate  could  arise  from  an 
intermetallic  (e.g.,  Al2CuMg)  or  actively  corroding  site.  Thus,  the  definitive  linkage  of  an  LEIM 
admittance  peak  to  a  coating  pore  that  allows  water  and  ion  ingress,  thus  acting  as  the  locus  of 
underfilm  corrosion,  has  not  been  conclusively  made. 

The  origin  of  underfilm  corrosion  initiation  and  the  precise  interplay  of  the  material  and 
environmental  factors  that  govern  its  evolution  is  unclear.  If  local  chemical  heterogeneities 
within  the  organic  coating  are  responsible  for  ion  entry,  then  their  identification  and  elimination 
could  provide  a  means  for  dramatically  improving  paint  performance.  A  more  definitive 
approach  for  the  identification  of  chemical  heterogeneities  and  ion  transport  within  the  organic 
coating  is  needed. 

Medical  and  biological  researchers  have  significantly  advanced  the  structural 
characterization  of  cells  and  cell  membranes  in  recent  years  through  the  use  of  moiety  specific 
chromophores  [13,  14].  This  paper  presents  initial  experiments  that  utilize  an  ion  specific 
chromophore  to  identify  the  mode  of  ion  entry  through  an  epoxy  coating.  As  mentioned,  should 
ion  channels  be  identified,  an  understanding  of  the  material-related  reasons  for.their  existence 
will  ultimately  lead  to  improved  resins  for  corrosion  protection. 


EXPERIMENTAL  METHODS 

Substrate:  Microscope  quality-glass  slides  (Fisher  brand)  were  washed  with  Alconox®  solution, 
rinsed  with  distilled  water,  and  blown  dry  with  air.  These  glass  slides  were  subsequently  wiped 
with  acetone,  ethanol,  and  hexane  using  lint-free  wipes.  The  slides  were  left  to  air  dry  under 
ambient  conditions,  and  stored  in  a  closed  desiccated  cabinet  to  shield  them  from  dust. 

Coatings:  Cleaned  glass  slides  were  coated  with  a  two-part  epoxy  solvated  with  butyl  cellosolve. 
Part  A  consisted  of  bisphenol  A-epichlorohydrin-based  epoxy  resin  solution.  Part  B  was 
composed  of  70  wt%  Epi-cure  fatty  acid  polyethylenepolyamine-based  polyamide  curing  agent 
and  30  wt%  xylene.  This  specific  epoxy  resin  is  used  as  the  binder  resin  in  commercial  primers 
for  Air  Force  aircraft. 

The  coating  was  prepared  by  mixing  equal  amounts  of  part  A  and  part  B,  and  8  wt% 
butyl  cellosolve.  Butyl  cellosolve  and  xylene  were  used  as  solvents  to  reduce  the  viscosity  for 
spin  casting.  Two  batches  of  epoxy  materials  were  used  that  differed  in  age  of  components.  The 
samples  in  “batch  1”  were  made  using  a  resin  solution  that  was  2.5  years  old  and  a  curing  agent 
that  was  1.5  years  old.  The  samples  in  “batch  2”  were  made  from  a  resin  solution  that  was, 
again,  2.5  years  old,  but  the  curing  agent  was  6.5  years  old. 

After  mixing,  the  epoxy  was  allowed  to  set  for  20  minutes  prior  to  coating  application. 
Air  bubbles  were  removed  from  the  resin  of  batch  1  using  a  vacuum  chamber.  This  method  was 
observed  to  leave  small  (<  5  pm  diameter)  air  bubbles  within  the  resin.  In  batch  2,  a  centrifuge 
was  used  to  effectively  remove  the  air  from  the  mixed  A  and  B  materials.  The  coating  was  spin 
cast  onto  the  cleaned  glass  slides  using  a  spin  caster  to  achieve  a  dry  coating  thickness  of 
approximately  10  pm.  Samples  were  then  cured  under  ambient  conditions  in  a  desiccator  for  at 
least  48  hours  before  exposure  to  test  environments. 

Exposure  conditions:  The  coatings  were  exposed  to  0.1  M  NaCl  solution  at  either  ambient  pH 
(ca.  5.5)  or  a  pH  adjusted  to  2.5  (with  HCl)  using  the  ball-joint  cell  shovra  in  Figure  1 .  A  low  pH 
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was  selected  based  on  observations  of  increased  ion  flux  through  these  resins  starting  at  pH’s 
below  3  [15].  Samples  were  exposed  for  1,  3  and  7  days.  After  exposure  to  NaCl  solution,  the 
samples  were  rinsed  with  distilled  water  and  then  exposed  to  50  pM  MEQ  solution  for  20 
minutes.  MEQ  (C^HhINO)  is  a  fluorescing  molecule  with  a  molecular  weight  of  315.15  grams 
per  mole.  It  has  absorption  and  emission  wavelengths  of  344  nm  and  440  nm,  respectively,  and 
is  also  known  to  be  sensitive  to  Br',  Y  and  SCN’,  but  insensitive  to  NOb',  S04^‘,  cations  and  pH 
[16].  The  area  of  film  exposed  to  MEQ  was  slightly  larger  than  the  region  exposed  to  NaCl  as 
shown  in  Figure  1(b).  This  provided  a  control  region  for  comparative  purposes.  MEQ  (6- 
methoxy-N-ethylquinolinium  iodide)  is  a  chloride-sensitive  fluorescence  indicator. 


Figure  1:  (a)  Schematic  showing  exposure  of  a 
sample  to  NaCl  solution  using  a  ball-joint  cell,  (b) 
Schematic  showing  environments  on  surface  of  the 
sample. 


Microscopy:  Steady  state  fluorescence  microscopy  was  used  to  visualize  MEQ-tagged  chloride 
ions  within  and  on  the  surface  of  the  coating.  Images  of  the  sample  surfaces  were  collected  in 
both  bright  and  fluorescent  fields.  In  fluorescence  mode,  the  wavelength  of  the  incident  light 
was  selected  to  be  in  the  range  of  the  absorption  spectrum  of  MEQ  using  a  340  nm  filter,  and  the 
emitted  light  from  the  sample  was  collected  through  a  420  nm-long  pass  filter. 


RESULTS  AND  DISCUSSION 

Images  of  the  coatings  made  from  newer  material  components  (batch  1)  are  shown  in 
Figures  2, 3, 4,  and  5.  Images  of  the  coating  with  no  NaCl  exposure  or  MEQ  exposure  (Figure  2) 
revealed  no  fluorescence  signal  in  the  fluorescent  field,  as  expected.  However,  several  dark 
spots  were  observed  on  the  coating  surface  in  bright  field.  These  spots  could  be  dust  particles, 
but  no  further  analysis  has  been  performed  at  this  time.  A  pattern  within  the  epoxy  was  also 
observed,  and  is  believed  to  be  phase  separation. 

A  second  control  experiment  in  which  the  surface  of  the  coating  was  exposed  to  MEQ, 
but  not  to  NaCl  revealed  results  similar  to  those  in  Figure  2.  Again,  no  featimes  are  observed  in 
the  fluorescent  field  indicating  that  there  is  no  background  chloride  or  other  MEQ-sensitive 
moieties  within  the  sample.  Thus,  it  can  be  assumed  that  the  observation  of  fluorescence  in  test 
experiments  is  solely  attributable  the  NaCl  exposure  environment. 

Figure  4  shows  the  bright  and  fluorescent  field  images  of  an  epoxy  coating  that  has  been 
exposed  to  sodium  chloride  at  pH  2.5  for  1  and  3  days  followed  by  MEQ  solution.  Light  colored 
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(fluorescing)  spots  can  be  seen  in  the  fluorescent  field  images  on  the  right.  The  fluorescing  sites 
observed  in  these  images  strongly  suggest  that  chloride  ions  enter  the  polymer  coating  through 
discrete  pathways.  Experiments  to  examine  the  penetration  characteristics  of  the  chloride  are  in 
progress.  Note  that  there  is  not  a  one-to-one  relation  between  dark  sites  observed  in  the  bright 
field  and  the  light  spots  observed  in  the  fluorescent  field.  Determination  of  the  chemieal  nature 
and  differences  of  these  sites  will  be  one  of  the  long-term  goals  of  this  research. 

Figure  5  illustrates  coating  surfaces  after  exposure  to  sodium  chloride  solution  at  ambient 
pH  for  1,  3,  and  7  days  followed  by  MEQ  staining.  It  can  be  qualitatively  observed  that  the 
number  of  defect  sites  in  the  coating,  as  observed  in  both  bright  and  fluorescence  fields,  appears 
to  increase  with  NaCl  exposure  time.  Quantitative  assessment  of  differences  has  not  been 
performed  at  this  time  because  the  method  of  experimentation  requires  the  sacrifice  of  samples 
by  the  MEQ  staining  procedure.  Once  a  coating  has  been  extracted  and  stained,  it  is  not  re¬ 
immersed  for  continual  study,  so  the  images  at  different  times  do  not  represent  a  time  lapse  of  a 
single  specific  site. 

As  seen  previously,  it  was  observed  that  not  all  sites  in  the  bright  field  took  up  MEQ  and 
fluoresced  in  the  fluorescence  field.  This  could  be  attributable  to  limited  access  of  the  MEQ  to 
chloride  ions  within  the  coating  during  the  short  MEQ  soak  times  (20  minutes).  It  could  also  be 
due  to  the  fact  that  there  are  different  types  of  ionic  pathways  in  the  coating  resin.  Thus,  further 
experiments  to  observe  cross  sections  of  NaCl  exposed  coatings  in  the  fluorescence  microscope 
will  be  performed  to  determine  the  transport  depth  of  chloride  ions  and  MEQ  molecules  in  the 
coating.  This  may  be  a  method  to  determine  whether  there  are  ionic  pathways  in  the  coating,  and 
to  clarify  why  some  spots  in  bright  field  did  not  fluoresce. 

At  this  time,  no  quantitative  statement  can  be  made  about  the  differences  in  MEQ  uptake 
between  ambient  pH  and  low  pH  exposures.  This  will  be  examined  in  subsequent  experiments, 
and  will  require  quantitative  image  analysis  of  numerous  samples  to  establish  distinct  statistical 
trends. 


Figure  3.  (a)  A  bright  field  image  of  surface  of  the  coating  (batch  1)  with  MEQ  exposure 
only,  (b)  Fluorescence  image  of  the  same  area  as  in  a. 
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Figure  4.  (a)  A  bright  field  image  of  the  coating  after  1  day  of  NaCl  exposure  at  pH 
2.5.  (b)  Fluorescence  image  of  the  same  area  as  in  a.  (c)  A  bright  field  image  of  the 
coating  after  3  days  of  NaCl  exposure  at  pH  2.5.  (d)  Fluorescence  image  of  the  same 
area  as  in  c. 


Images  of  the  coatings  made  with  older  material  components  (batch  2)  are  shown  after 
exposure  to  NaCl  solution  at  pH  2.5  and  ambient  pH  in  Figures  6  and  7,  respectively.  The 
pattern  of  phase  separation  is  different  and  more  pronounced  from  that  of  the  coating  made  with 
newer  materials.  Though  qualitative  at  this  time,  the  number  of  defect  sites  and  film 
delamination  in  these  coatings  seems  to  be  greater  than  in  the  previous  batch  with  the  same  or 
even  shorter  periods  of  exposure.  These  defects  appear  to  increase  in  number  with  longer  NaCl 
exposure  time,  as  seen  previously. 

These  proof-of-concept  experiments  definitively  reveal  discrete  sites  of  chloride  ion 
uptake  on  the  surfaces  of  thin  epoxy  coatings  in  the  early  stages  of  immersion.  It  will  be 
important  to  understand  the  depth  of  ion  penetration  as  a  function  of  time.  Experiments  to 
examine  film  cross-sections  are  planned. 

It  is  important  to  note  that  the  present  coating  characterization  have  been  performed 
while  using  a  benign  substrate,  i.e.,  glass,  so  that  the  observed  ion  uptake  is  intrinsic  to  the 
coating  and  not  a  function  of  underfilm  degradation  as  might  occur  in  the  blister  chemistry  of 
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active  blisters  on  AA2024.  It  will  therefore  be  important  to  examine  the  role  of  the  alloy 
substrate  in  the  evolution  of  these  ion  gates.  More  importantly,  an  understanding  of  the  material 
nature  of  the  coating  regions  that  take-up  chloride  is  needed.  Are  these  local  regions  similar  in 
structure  and  chemistry?  Do  specific  types  lead  to  underfilm  corrosion?  If  these  coating 
heterogeneities  ean  be  characterized  and  eliminated,  the  corrosion  protective  properties  of  the 
resin  can  be  dramatically  improved.  It  is  believed  that  these  molecular-probe  methods  will 
provide  an  important  step  in  the  approach  to  the  characterization  of  coating  degradation 
processes. 
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Figure  5.  (a)  A  bright  field  image  of  the  coating  after  1  day  of  NaCl  exposure  at  ambient  pH. 
(b)  Fluorescence  image  of  the  same  area  as  in  a.  (c)  A  bright  field  image  of  the  coating  after  3 
days  of  NaCl  exposure  at  ambient  pH.  (d)  Fluorescence  image  of  the  same  area  as  in  c.  (e)  A 
bright  field  image  of  the  coating  after  7  days  of  NaCl  exposure  at  ambient  pH.  (f)  Fluorescence 
image  of  the  same  area  as  in  e. 
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Figure  6.  (a)  A  bright  field  image  of  the  coating  made  with  older  materials  after  1  day  of  NaCl 
exposure  at  pH  2.5.  (b)  Fluorescence  image  of  the  same  area  as  in  a.  (c)  A  bright  field  image 
of  the  coating  after  2  days  of  NaCl  exposure  at  pH  2.5  .  (d)  Fluorescence  image  of  the  same 
area  as  in  c. 


CONCLUSIONS 

These  initial  experiments  utilize  an  ion  specific  chromophore  to  identify  the  mode  of  ion 
entry  through  an  epoxy  coating.  Based  on  these  initial  experiments,  the  following  conclusions 
can  be  made: 

1.  The  use  of  MEQ  has  clearly  indicated  that  following  exposure  to  NaCl,  chloride  ions  are 
clustered  in  discrete  sites  on  the  surface  of  epoxy  resins.  This  is  strongly  suggestive  of  the 
discrete  pore  concept,  however  experiments  to  examine  film  penetration  must  be  performed. 

2.  The  number  of  defect  sites  in  the  coatings,  as  observed  in  both  bright  and  fluorescent  fields 
appears  to  increase  with  NaCl  exposure  time.  Not  all  sites  observed  in  bright  field  fluoresce 
in  the  fluorescent  field.  Whether  different  types  of  ionic  pathways  exist  has  yet  to  be  shown. 

3.  The  epoxy  polymer  phase  separation  morphology  differs  as  a  function  of  component  material 
age.  The  number  of  spots,  both  in  bright  and  fluorescence  fields,  appear  to  be  greater  in 
coatings  made  from  older  materials  than  those  made  from  newer  materials.  Hence,  the  age  of 
the  resin  will  impact  its  performance,  as  intuitively  expected. 

4.  At  present,  no  quantitative  distinction  has  been  made  between  observation  of  films  exposed  to 
ambient  and  low  pH  environments.  Image  analysis  techniques  will  be  employed  in  subsequent 
experiments. 
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Figure  7.  (a)  A  bright  field  image  of  the  coating  made  with  older  materials  after  1  day 
of  NaCl  exposure  at  ambient  pH.  (b)  Fluorescence  image  of  the  same  area  as  in  a.  (c)  A 
bright  field  image  of  the  coating  after  2  days  of  NaCl  exposure  at  ambient  pH.  (d) 
Fluorescence  image  of  the  same  area  as  in  c. 
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ABSTRACT 


Local  Electrochemical  Impedance  Mapping  (LEIM)  was  used  to  investigate  local 
underfilm  corrosion  occurring  on  organic  coated  AA2024-T3  exposed  to  chloride  solution. 

Films  (5-20  pm  thick)  of  neat  epoxy,  polyurethane  and  vinyl  resins  were  studied.  Frequently 
observed  features  in  the  LEI  maps  included:  (1)  an  unexpected  decrease  in  admittance  in  early 
stages  of  development,  (2)  trenching  at  the  periphery  of  admittance  peaks,  (3)  both  increases  and 
decreases  in  peak  height  over  time,  (4)  changes  in  peak  width  over  time,  (5)  different  amplitudes 
in  admittance  over  different  regions  of  multi-lobed  blisters,  and  (6)  different  admittance 
magnitudes  for  different  types  of  defect.  These  LEIM  features  could  provide  significant  insight 
into  and  documentation  of  the  local  breakdown  processes  of  coated  metals,  if  they  truly  represent 
electrochemical  phenomena  associated  with  changes  at  the  interface.  These  features  were 
observed  on  each  of  the  coating  chemistries  studied.  Proposed  origins  and  supportive  evidence 
of  these  LEIM  features  will  be  presented. 


1 


INTRODUCTION 


The  corrosion  protection  afforded  by  an  organic  coated  metal  is  determined  by  variables 
associated  with  the  coating,  substrate,  service  environment,  and  polymer/metal  interface.  In  order 
to  fully  appreciate  how  these  variables  interact  to  control  service-life,  it  is  essential  to  know  the 
origins  and  growth  mechanisms  in  early  stages  of  underfilm  corrosion.  For  example,  it  is 
essential  to  know  whether  corrosion  of  a  coated  alloy  has  initiated  as  a  result  of  chemical 
heterogeneities  within  the  coating  (e.g.,  regions  that  might  facilitate  ion  transport), 
heterogeneities  within  the  substrate  (e.g.,  micro-galvanic  couples  created  by  intermetallic 
compounds),  or  whether  corrosion  initiates  because  of  a  juxtaposition  of  these  two-types  of 
heterogeneities.  A  detailed  delineation  of  the  origin  and  ensuing  events  that  control  corrosion 
breakdown  of  a  coated  metal  will  require  a  description  of  the  local  chemical  and  electrochemical 
events  associated  with  the  polymer  coated  metal.  This  paper  will  examine  an  initial  library  of 
local  electrochemical  events. 

A  wide  variety  of  dc-  and  ac-based  methods  have  been  developed  within  different  fields 
of  science  for  the  in  situ  examination  of  local  electrochemical  events.  Some  of  these  methods 
include  the  scanning  reference  electrode  technique  [1-5],  scanning  vibrating  probe  [6-8], 
scanning  Kelvin  probe  [9-12],  electrochemical  microscopy  [13-17],  and  scanning  tunneling 
microscopy  [18],  among  others  [19].  Each  of  these  methods  is  useful  depending  on  the  interface 
under  study,  the  type  of  information  desired,  and  the  measurement  resolution  required. 

However,  when  considering  the  characterization  of  local  electrochemical  events  associated  with 
a  coated  metal  substrate,  local  electrochemical  impedance  methods  have  been  a  logical  option 
based  on  (i)  the  ability  of  an  ac-based  excitation  to  lower  the  impedance  a  dielectric  interface  at 
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higher  frequencies,  and  (ii)  the  ability  to  more  fully  characterize  a  specific  site  by  the  application 
of  a  frequency  spectra  [20]. 

Local  Electrochemical  Impedance  Mapping  and  Spectroscopy  (LEIM/S)  have  been  used  . 
in  recent  years  to  examine  the  local  electrochemical  events  occurring  on  coated  metal  substrates 
immersed  in  an  aqueous  environment  [21-30],  Improvements  on  original  electrode  designs 
[1,4,22,31]  have  allowed  the  local  detection  various  types  of  extrinsic  (i.e.,  man-made)  defects 
[20,22],  as  well  as  the  more  recent  detection  of  intrinsic  (i.e.,  naturally  occurring)  defects 
occurring  on  organically  coated  steel  [1]  and  aluminum  alloy  [25-30]. 

While  it  has  been  logical  and  successful  to  use  LEIM/S  for  the  detection  of  local 
electrochemical  activity  on  coated  metals  and  alloys,  LEIM/S  is  a  new  measurement  technique 
that  is  not  fully  eharacterized.  Yet,  it  is  being  used  to  explore  new  and  previously  undocumented 
phenomenon.  Therefore  it  is  important  that  quantitative  variations,  ehanges  in  features,  and 
temporal  modulations  in  LEIM  measurements  be  reliable  and  interpretable.  Contribution  from 
artifact  or  factors  unrelated  to  local  breakdown  must  be  examined  and  fully  accounted. 

The  long-term  objective  this  research  effort  is  to  develop  LEIM/S  as  a  quantitative  tool 
for  the  full  characterization  of  local  electrochemical  phenomenon  associated  with  coated  metals 
and  alloys.  For  example,  it  is  of  key  interest  to  understand  the  origins  of  underfilm  corrosion,  i.e. 
to  know  whether  the  initiation  of  underfilm  corrosion  is  governed  by  substrate  heterogeneities  or 
by  coating  heterogeneities.  This  knowledge  will  be  directly  facilitated  by  a  more  complete 
understanding  of  LEIM  data. 

The  objective  of  this  paper  is  to  introduce  the  LEIM  features  that  have  been  commonly 
observed  throughout  the  early  times  of  corrosion  initiation  of  an  organically  coated  aerospace 
aluminum  alloys,  and  to  suggest  possible  interpretations  of  their  origins.  These  intriguing  LEIM 
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features  could  provide  insight  into  the  origins  and  nature  of  coating  breakdown  if  they  are  truly 
reflective  of  electrochemical  activity,  and  not  a  function  of  outside  factors  such  as  measurement 
artifact.  A  series  of  subsequent  papers  will  examine  possible  outside  influences  in  detail  via 
modeling  of  the  electrochemical  interface  and  subsequent  comparisons  to  LEIM  data  of 
electrodes  fabricated  to  an  equivalent  geometry. 

EXPERIMENTAL  METHODS 

Materials:  Substrates  consisted  of  6.5  x  6.5  x  0.1  cm  AA2024-T3  panels  cut  from  1  mm  thick 
sheet.  Neat  organic  resins  were  applied  and  varied  in  composition  according  to  the  specific 
study.  These  resins  included:  (a)  vinyl  VYHH,  a  copolymer  of  polyvinyl  chloride  and  polyvinyl 
acetate,  (b)  polyurethane  coatings  which  were  either  100%  polyether  polyurethane,  or  a 
polyurethane  composed  of  50%  polyether  and  50%  polyester,  (both  were  mixed  with  isocyanate, 
a  dibutyl  tin  dilaurate  catalyst  and  MEK  (methyl  ethyl  keytone)  solvent,  (c)  an  epoxy  comprised 
of  bisphenol  A-epichlorohydrin-based  epoxy  resin  solution  with  an  Epi-cure  fatty  acid 
polyethylenepolyamine-based  polyamide  curing  agent.  Each  resin  was  placed  into  solution  with 
appropriate  and  amount  of  solvent.  Exact  procedures  used  for  preparation  of  these  resins  are 
described  elsewhere  [26]. 

Coating  procedure:  Prior  to  coating,  AA2024-T3  samples  were  cleaned  using  a  four-step 
procedure:  scrubbed  using  dust-free  wipes  dipped  in  acetone,  serubbed  with  Alconox,  cleaned 
ultrasonically  in  hexanes  for  5  minutes  and  finally  rinsed  with  isopropanol  to  remove  any 
remaining  residues.  Samples  were  then  allowed  to  air  dry.  Ultrapure  water  (18  MQ)  was  used 
for  rinsing  between  steps.  Coatings  were  spin  cast  onto  the  substrate  to  produce  a  uniform  dried 
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film  thickness  of  between  5  and  20  )im  depending  on  the  experiment.  Samples  were  cured  in  a 
dessicator  at  ambient  temperature  for  at  least  48  hours  prior  to  use. 

Test  Environment:  A  4.3  em  inner  diameter  glass  cylinder  was  affixed  to  coated  AA2024-T3 
samples  in  order  to  create  a  reservoir.  An  0-ring  was  placed  between  the  cylinder  and  the 
sample  to  create  a  seal.  RTV  silieone  was  used  on  the  exterior  of  the  cylinder  and  0-ring  to 
ensure  that  the  silicone  did  not  contact  the  bulk  solution  and  to  ensure  that  samples  could  be 
easily  removed  for  further  study.  Samples  were  exposed  to  NaCl  solution  ranging  from  0. 1  to 
0.6  M.  These  solutions  were  quiescent  and  at  ambient  temperature  and  aeration.  The  glass 
cylinders  provided  a  14.5  cm  exposure  area. 

Local  Electrochemical  Impedance  Mapping  (LEIM):  The  LEI  method  employed  utilizes  a  five- 
electrode  configuration  consisting  of  a  conventional  three-electrode  arrangement  (i.e.,  a 
referenee  electrode,  a  counter  electrode  and  the  substrate  as  the  working  electrode)  to  achieve 
potentiostatic  control,  and  two  additional  micro-reference  electrodes  that  are  vertically  separated 
to  measure  the  local  potential  gradient  in  solution  above  the  substrate  surface  [21-23,25-30].  The 
configuration  used  for  the  LEI  probe  employed  in  these  experiments  has  been  described  in  detail 
elsewhere  [20].  A  15  mV  rms  sinusoidal  voltage  perturbation,  with  a  single  frequency  of  700  Hz 
(optimized  in  previous  experiments)  was  applied  about  the  open  eircuit  potential.  The  d.c. 
potential  was  maintained  using  a  Solartron  1286  Electrochemical  Interface  (El),  and  the  a.c. 
excitation  was  generated  by  a  Solartron  1255  HE  frequeney  response  analyzer  (FRA)  and  input 
into  the  El  for  application  to  the  sample.  Both  instruments  were  under  eomputer  control. 
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RESULTS  AND  DISCUSSION 


Variable  Forms  of  Underfilm  Corrosion 

LEIM  was  performed  on  AA2024-T3  samples  coated  with  the  resins  described  above 
(either  vinyl,  polyurethane  and  epoxy)  and  immersed  in  an  aqueous  NaCl  environment.  The 
admittance  magnitude  of  the  coated  substrates  was  monitored  from  the  first  hours  of  exposure  to 
electrolyte  in  which  there  were  no  visible  underfilm  corrosion  sites  to  later  stages  when 
underfilm  corrosion  was  visible.  Macroscopically,  several  different  types  of  underfilm  corrosion 
were  observed  on  the  coated  panels  after  various  times  of  exposure.  These  include  red,  black, 
white  and  clear  blisters.  Details  of  the  initial  local  electrochemical  and  chemical  characterization 
of  these  blisters  has  been  described  previously  [26]. 

Red-colored  blisters  became  visually  apparent  within  24  to  72  hours  after  immersion  and 
grew  rapidly  (over  24  to  48  hours)  to  1  -  7  mm  in  diameter.  The  blisters  were  bright  red  in  color 
and  caused  aggressive  pitting,  as  was  evident  by  examination  of  the  substrate  after  removal  of 
the  coating  [26].  White  and  black  blisters  grew  less  rapidly  (over  several  days)  and  to  a  diameter 
of  only  ca.  0.5  -  2  mm.  Visual  observation  of  the  substrate  after  removal  of  the  coating  indicated 
that  little  damage  to  the  substrate  had  been  incurred.  These  defects  were  seen  primarily  on  vinyl 
coated  samples.  Clear  blisters  were  observed  on  all  coatings,  although  more  frequently  on 
polyurethane  coated  samples  immersed  in  low  concentration  electrolyte.  These  blisters  grew 
over  the  course  of  several  days  to  a  final  diameter  of  2  -  10  mm.  However,  there  was  no  sign  of 
damage  to  the  substrate  upon  examination  after  coating  removal. 

LEI  maps  of  the  regions  that  subsequently  grew  into  the  different  tjqjes  of  blisters 
showed  very  different  features  in  the  admittance  maps  [26].  High  admittance  peaks  were 
observed  at  early  times  in  the  eoated  regions  that  eventually  grew  into  red  blisters,  while  low 
admittances  were  observed  in  regions  that  became  either  black,  white,  or  clear  blisters.  In 
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addition,  once  blisters  had  formed,  high  admittance  peaks  were  again  observed  over  the  red 
blisters  and  low  admittance  peaks  over  the  other  types.  The  high  LEIM  admittance  peaks 
associated  with  the  red  blister  sites  in  both  early  and  later  stages  of  development,  suggest  either  a 
high  rate  of  electrochemical  activity  or  a  significantly  decreased  barrier  resistance.  LEIM  maps 
are  constructed  using  a  single  frequency  of  ac  excitation  (typically  700  Hz)  and  thus  cannot  fully 
characterize  the  precise  nature  of  the  interface  to  delineate  the  sources  of  change. 

LEI  spectroscopy  was  conducted  on  the  specific  pre-blister  sites  described  above.  These 
spectra  confirmed  the  presence  of  a  lower  corrosion  resistance  (Rcorr),  where  Rcorr  is  the 
magnitude  of  impedance  at  low  frequency  and  is  a  combination  of  the  pore  and  charge  transfer 
resistance  (33,34),  in  pre-red  blister  regions  and  a  higher  corrosion  resistance  above  pre-black 
blister  regions.  The  narrow  bandwidth  employed  in  this  experiment  (10  kHz  -  500  mHz)  and  the 
imprecise  knowledge  of  the  electrode  area  accessed  by  the  LEI  probe  made  it  difficult  to  extract 
additional  detail  about  the  local  interface. 

LEIM  Features  During  Underfilm  Corrosion  Development 

Further  investigation  of  the  red  blisters  yielded  several  interesting  features  in  the  corresponding 
LEI  maps  that  could  provide  insight  into  the  local  breakdown  process  of  coated  alloys  and 
metals.  The  interpretation  of  LEI  maps  assumes  that  all  features  are  indeed  representative  of 
material  and  electrochemical  changes  of  the  interface  under  study  and  not  due  to  measurement 
artifact.  Future  writings  will  critically  examine  the  issue  of  sampling  artifacts. 

Common  features  observed  in  the  LEIM  of  coated  AA2024-T3  included:  (1)  an 
unexpected  deerease  in  the  admittance  (increase  in  the  impedance)  in  the  earliest  stages  of 
underfilm  corrosion,  (2)  trenching  around  the  base  of  admittance  peaks  acquired  over  an  actively 
corroding  site,  (3)  temporal  fluctuations  (both  increases  and  decreases)  of  an  admittance  peak 
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corresponding  to  a  single  defect,  (4)  changes  in  the  width  of  an  admittance  peak  for  a  single  site 
over  time,  (5)  the  development  of  multiple  admittance  peaks  of  varying  heights  associated  with 
different  lobes  of  a  blister,  (6)  different  magnitudes  in  admittance  for  each  different  type  of 
defect  and  even  for  a  single  type  of  defect  formed  under  different  conditions.  These  features 
were  observed  repeatedly  for  all  three  of  the  coating  systems  with  little  variation  between 
coatings.  Each  of  these  observations  is  introduced  below  along  with  suggested  interpretations. 
Some  of  the  possible  interpretations  have  been  explored  and  will  be  discussed  here,  while  a 
complete  examination  of  the  possible  sources  will  be  elucidated  in  a  series  of  subsequent 
publications. 

LEIM  Features  in  Initial  Stages  of  Exposure 

The  beginnings  of  underfilm  corrosion  could  usually  be  seen  visibly  after  approximately 
24-72  hours  of  exposure  to  electrol34:e.  LEIM  was  performed  on  the  organic  coated  AA2024-T3 
panels  at  various  intervals,  including  the  time  before  underfilm  corrosion  was  visible,  in  order  to 
detect  and  monitor  the  earliest  developmental  stages.  The  fact  that  LEIM  can  detect  the  onset 
and  location  of  underfilm  corrosion  before  it  is  visible  to  the  naked  eye  is  one  of  the  advantages 
of  this  local  method  over  others.  LEIM  of  these  earliest  stages  of  underfilm  corrosion 
development  showed  an  initial  decrease  in  admittance  (increase  in  impedance).  This  admittance 
depression  was  counterintuitive  in  that  the  beginning  stages  of  coating  breakdown  would  be 
expected  to  include  water  and  ion  uptake  to  produce  an  increase  in  admittance  (decrease  in 
impedance).  An  example  of  the  temporal  development  of  such  an  admittance  depression  on  a 
polyurethane  coated  AA2024-T3  sample  immersed  in  0.6  M  NaCl  is  shown  in  Figure  1.  The 
underfilm  corrosion  was  not  visible  until  after  48  hours  of  exposure.  It  should  be  noted  that  the 
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time  evolution  of  this  underfilm  corrosion  site  was  typical  for  polyurethane  coated  samples,  not 
as  apparent  for  vinyl  or  epoxy  coated  samples. 

Several  possible  explanations  for  the  decrease  in  admittance  can  be  suggested:  (1)  water 
nucleation,  (2)  accumulation  of  corrosion  product,  (3)  extrinsic  defects  such  as  a  small  air  bubble 
created  during  coating  application,  or  (4)  edge  effects  in  the  field  emanating  from  the  corrosion 
site.  The  first  three  of  these  suggestions  will  be  addressed  here,  while  the  forth  possibility  will  be 
examined  in  subsequent  papers  employing  finite  element  models. 

The  first  of  the  suggested  possibilities  was  investigated  preliminarily  by  examining  the 
effect  of  a  thin  film  of  water  on  the  simulated  impedance  of  an  equivalent  circuit  analogue.  The 
change  in  admittance  between  the  surface  plane  and  the  bottom  of  the  trough  in  Figure  1  was 
calculated  to  be  18  ohms.  Two  equivalent  circuit  analogues,  shown  in  Figure  2,  were  created  to 
model  a  film  of  water  beneath  a  coating.  The  first  assumed  that  a  layer  of  pure  water  in  the  form 
of  a  small  disk  existed  at  the  interface  of  the  alloy  substrate  and  the  polymer.  Only  the  dielectric 
properties  of  the  water  were  considered,  and  no  electrochemical  charge  transfer  at  the  interface 
was  included.  The  second  model  considered  that  ions  were  present  in  the  disk  of  water  at  the 
interface  and  assumed  that  interfacial  polarization  and  charge  transfer  could  occur.  The  double 
layer  capacitance  and  charge  transfer  resistance  for  this  model  were  assigned  values  of  25 
pF/cm^  and  1000  Qcm^  respectively.  The  total  impedance  for  the  circuit  analogues  was  then 
calculated  using  standard  impedance  relationships  of  capacitance  and  resistance.  The  results  of 
the  calculations  are  summarized  in  Table  1 .  The  values  (20  ohms)  of  increased  impedance 
(reduced  admittance)  observed  in  Figure  1  could  thus  be  duplicated  through  the  selection  of  an 
appropriate  water  (or  electrolyte)  disk  thickness.  Therefore,  these  calculations  indicate  that  water 
nucleation  cannot  be  excluded  as  a  possible  cause  of  the  initial  admittance  depression.  However, 
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neither  the  presence  of  water  nuclei  nor  their  thickness  has  been  confirmed  by  other  methods. 
Nonetheless,  presently  water  nucleation  must  be  considered  as  a  possible  source  of  these  initial 
LEIM  changes  and  indicates  how  the  results  of  this  local  electrochemical  method  could  guide 
subsequent  theory  and  research  endeavor. 

Equally  tenable  is  the  idea  that  the  increased  impedance  is  elicited  by  a  corrosion  product 
(e.g.  thickened  oxide).  While  the  underfilm  chemistry  at  blister  sites  is  known  to  be  dynamic 
and  varied  on  AA2024-T3  substrates  [26],  there  has  been  no  interfacial  characterization  of  these 
initial  transient  events. 

Although  air  bubbles,  either  attached  to  the  substrate  or  held  within  the  bulk  of  the  resin, 
are  known  to  effect  the  local  admittance,  experiments  on  steel  substrates  have  shown  that  they 
increase  the  admittance  and  not  decrease  it  [20].  This  discrepancy  could  be  a  function  of  time  of 
observation,  in  that  initially  the  admittance  be  lower  because  of  the  air  and  would  increase  as 
electrolyte  filled  the  void.  However,  no  bubble  was  visible  and  this  possible  source  was  not 
considered  further. 

LEIM  Features  in  Later  Stages  of  Development 

Another  interesting  feature  of  the  LEI  map  shown  in  Figure  1  and  in  Figure  3  was  the 
decrease  in  admittance  at  the  periphery  of  a  an  admittance  peak.  The  trenching  seen  around  the 
peak  at  52  hours  in  Figure  1  and  28, 48  and  52  hours  in  Figure  3  reflects  the  same  magnitude  of 
admittance  depression  seen  in  early  stages,  however  unlike  the  early  depressions  discussed 
above,  trenching  surrounding  admittance  peaks  was  often  observed  at  all  times  in  the  LEIM  of 
local  breakdown  processes  on  coated  AA2024-T3.  Trenching  could  be  produced  by  several 
factors:  the  deposition  of  corrosion  product  at  the  periphery  of  the  blister  or  sampling  artifact 
associated  with  edge  effects  in  the  electric  field  above  a  local  corrosion  site.  These  two  theories 
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will  be  examined  in  subsequent  papers  which  theoretically  examine  the  local  electric  field  above 
a  model  disk  electrode  as  a  function  of  boundary  conditions  (cell  size)  and  covering  material 
(dielectric). 

One  of  the  most  potentially  informative  features  of  LEIM  of  defects  on  organic  coated 
AA2024-T3  was  the  change  in  height  of  an  admittance  peak  over  time.  In  some  cases  these 
peaks  increase  and  others  they  decrease  and  essentially  die.  An  example  of  this  metastability  can 
be  seen  in  Figures  3.  The  increases  in  peak  height  could  certainly  represent  an  increase  in 
electrochemical  activity,  hence  severity  of  corrosion,  as  would  be  expected  to  occur  over  time. 

A  decrease  in  peak  height,  as  seen  in  the  Figure  at  48  hours,  could  represent  either  a  temporary 
and  in  some  cases  a  permanent  passivation  of  the  underfilm  corrosion  site  or  blockage  of  the 
ionic  channel  or  pore  associated  with  local  corrosion  site.  Understanding  the  cause  of  such  an 
event  would  have  significant  importance  to  the  understanding  of  how  the  substrate,  coating  and 
environment  interact  to  mitigate  corrosion  and  protect  the  metal.  In  some  cases,  these 
admittance  peaks  reached  significant  heights.  The  peak  height  seen  at  52  hours  probably 
represents  a  physical  breach  in  the  coating  as  evidenced  by  a  parallel  drop  in  the  open  circuit 
potential. 

If  the  changes  in  the  admittance  peak  amplitude  over  time  do  actually  correspond  to 
changes  in  electrochemical  activity,  much  can  be  learned  about  the  local  breakdown  processes 
governing  failure  at  these  sites.  However,  factors  such  as  biphasic  water  uptake  of  the  coating, 
frequency  dispersion,  change  in  local  solution  conductivity,  changes  in  electrode  area,  or  a 
simple  change  in  the  height  of  the  blister  sufficient  enough  to  necessitate  a  change  in  height  of 
the  LFI  probe  could  also  conceivably  contribute  to  a  change  in  peak  height.  In  addition, 
instability  in  the  LFI  reference  microelectrodes  could  also  impact  the  measured  potentials. 
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Since  a  single  frequeney  is  employed  in  any  given  LEI  map  sequence,  inconsistencies 
between  measurements  due  to  use  of  different  frequencies  are  not  a  concern  in  LEIM.  The 
frequency  used  for  excitation  was  optimized  prior  to  measurement  through  LEIM  of  fabricated 
gold  electrodes  at  different  frequencies  and  through  LEIM  and  EIS  of  coated  AA2024-T3  at 
different  frequencies.  However,  use  of  a  single  frequency  of  excitation  does  not  preclude  a  shift 
in  the  absorbing  frequency  of  a  changing  interface.  Thus,  while  frequency  dispersion  may  be 
participatory  in  the  changing  peak  heights,  it’s  mere  presence  is  directly  coupled  to  the  precise 
interfaeial  changes  that  this  method  seeks  to  document. 

Local  concentration  gradients  in  the  bulk  solution  directly  above  a  corrosion  blister  are 
not  considered  to  be  a  likely  artifactual  source  of  peak  amplitude  changes  because  the  current 
through  a  barrier  coating  on  a  metal  is  extremely  low.  Not  only  will  the  coating  act  as  a  buffer  to 
ion  concentration  changes  at  the  coating/solution  interface,  but  the  high  coneentration  of  the 
electrolyte  (0.6M  NaCl)  is  likely  to  overwhelm  any  projected  difference.  Thus,  even  though  ion 
concentration  changes  will  occur  at  the  metal/solution  interface  beneath  the  coating,  they  will  not 
affect  the  Nemst  potential  at  the  reference  microelectrode  of  the  LEI  probe  sitting  above  the 
coating.  The  micro-reference  electrodes  used  in  these  studies  were  determined  to  be  very  stable 
based  on  extensive  repeatability  testing  [29]. 

The  biphasic  ingress  of  water  has  been  suggested  as  another  possible  source  of  the 
admittance  height  changes  [35].  The  plausibility  of  this  explanation  is  reduced  in  light  of  the 
fact  that  the  admittanee  peaks  can  have  numerous  cycles  of  change  and  can  disappear  in  some 
eases  or  increase  to  very  high  values  as  discussed  previously. 
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The  probe  in  any  given  experiment  was  used  at  a  fixed  height  above  the  surface  in  any 
given  experiment,  so  this  can  be  discounted  as  a  cause  of  peak  height  changes.  Subsequent 
modeling  experiments  will  examine  the  effect  of  electrode  area  changes. 

The  admittance  peaks  of  underfilm  corrosion  sites  on  coated  AA2024-T3  panels  often 
showed  an  increase  in  width  over  time.  A  change  in  the  base  width  of  an  admittance  peak  is 
interpreted  as  an  increase  in  the  diameter  of  the  corrosion  blister.  There  is  not  a  direct 
correlation  between  peak  width  and  blister  size,  as  will  be  seen,  because  of  the  differences  in 
electrochemical  activity  of  the  substrate  in  the  blistered  region. 

A  feature  that  was  observed  in  a  growing  red  blisters  prompted  further  interest  in 
underfilm  electrode  activity.  In  most  cases,  red  blisters  began  as  a  discrete  initiation  site  and 
formed  a  primary  lobe.  Subsequently,  secondary  lobes  formed  at  later  times  off  of  the  initial 
region.  An  example  of  this  is  shown  in  the  top  and  left  images  of  Figure  4  which  shows  an 
optical  image  of  a  blister  on  an  AA2024-T3  sample  coated  with  polyester  polyurethane  and 
immersed  in  0.6  M  NaCl.  Both  the  area  mapped  using  LEIM  (right)  and  the  corresponding 
admittance  map  of  the  region  are  included  in  the  Figure.  LEIM  revealed  two  separate  admittance 
peaks  of  different  magnitude  for  the  two  lobes.  It  was  consistently  observed  that  the  peak  height 
at  the  area  where  the  underfilm  corrosion  initiated  was  significantly  higher  than  the  peak  height 
at  the  area  where  the  underfilm  corrosion  initiated.  While  the  two  lobes  were  distinguishable 
visibly  by  their  tint  with  the  aid  of  an  optical  microscope  in  the  case  shown  in  the  figure,  the 
lobes  of  smaller  corrosion  sites  may  only  be  distinguishable  with  LEIM.  For  this  reason,  it  is 
important  to  determine  the  capability  of  the  LEI  probe  to  measure  two  distinct  peaks  at  adjacent 
regions  of  electrochemical  activity.  This  will  addressed  in  a  future  paper.  It  is  also  important  to 
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be  able  to  distinguish  the  aggressive  initiation  site  from  secondary  lobes  and  to  determine 
whether  this  split  structure  is  general  to  red  blisters  on  organic  coated  AA2024-T3. 

Preliminary  evidence  of  a  true  correlation  between  LEIM  of  different  areas  of  multi- 
lobed  blisters  and  electrochemical  activity  has  been  found  through  simultaneous  SEM  (Scanning 
Electron  Microscope)  and  EDS  (Energy  Dispersive  Spectroscopy)  of  the  substrate  of  a  blister 
site  after  coating  removal  [26,  29].  These  results  showed  that  indeed,  lower  ratios  of  A1  and  Mg 
and  a  higher  ratio  of  Cu  were  present  at  the  initiation  site  where  the  admittance  in  LEIM  was 
highest,  both  indicating  a  higher  degree  of  corrosion,  i.e.,  electrochemical  activity.  This  result 
has  a  very  important  implication  with  regards  to  the  interpretation  of  LEI  maps.  While  it  was 
initially  believed  by  these  authors  that  an  admittance  peak  represented  a  pore  or  defect  in  the 
coating,  it  appears  equally  tenable  that  a  very  high  local  current  density  due  to  a  substrate 
heterogeneity  beneath  a  hydrated  coating  could  also  provide  an  admittance  peak. 

The  differences  in  admittance  between  types  of  defects  and  within  multi-lobed  blisters 
potentially  reveal  crucial  information  on  the  structure  of  underfilm  corrosion  sites  and  the 
evolution  of  electrochemical  activity  over  time.  However,  it  is  unclear  whether  the  differences  in 
LEIM  are  due  entirely  to  differences  in  electrochemical  activity,  or  whether  other  factors 
contribute.  Previous  work  by  others  [36,  37]  showed  that  the  field  sampling  approach  is  subject 
to  measurement  artifact  for  the  case  of  bare  electrodes.  It  has  not  yet  been  determined  what  the 
presence  of  a  coating  does  to  alter  the  amplitude  or  shape  of  the  field  emanating  from  electrodes 
and  hence  from  underfilm  corrosion.  In  addition,  it  is  unclear  whether  local  coating  variations 
play  a  role  in  admittance  measurements.  It  must  be  also  determined  whether  salt  films  beneath 
the  coating,  differences  in  substrate  material,  changes  in  the  chemistry  of  the  underfilm  solution, 
or  other  passive  features  contribute  to  LEIM. 
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SUMMARY 


LEIM  performed  on  organic  coated  AA2024-T3  yielded  different  admittance  responses 
for  four  types  of  underfilm  corrosion  sites  (red,  black,  white,  and  clear)  and  for  the  different 
regions  of  multi-lobed  blisters.numerous.  In  addition  different  features  were  observed  that  could 
provide  insight  into  local  breakdown  processes  of  coated  metals  and  alloys  These  features 
included:  (1)  an  unexpected  decrease  in  admittance  was  seen  in  early  stages  of  underfilm 
corrosion,  (2)  trenching  in  the  admittance  at  the  periphery  of  underfilm  corrosion,  (3)  changes  in 
the  peak  height  of  admittance  plots  (increases  and  decreases)  over  time  evolution  of  corrosion 
sites,  (4)  an  increase  in  the  admittance  peak  width  over  the  time  evolution  of  underfilm  corrosion 
sites. 

Active  blister  sites  which  became  red  in  color  tended  to  branch  into  one  or  more 
secondary  lobes.  These  secondary  lobes  had  a  lower  admittance  than  the  original  lobe.  It  is 
unclear  at  this  time  whether  this  difference  is  due  to  the  electrochemical  activity  of  the  substrate 
or  to  local  sites  of  ionic  ingress.  The  directionality  of  substrate  polishing  significantly  impacted 
the  nature  of  blisters.  Directional  polishing  promoted  filiform-type  blister  growth  on  these  alloys. 
LEIM  of  these  directional  filiform  sites  indicated  higher  admittances  at  the  filiform  origin. 

Since  the  potential  for  information  on  breakdown  is  so  great  and  the  LEIM  method  is 
relatively  new,  it  is  important  to  determine  whether  real  physical  events  or  measurement  artifact 
unrelated  to  the  breakdown  process  could  contribute  to  measurement  of  these  features.  Accurate 
interpretation  of  these  features  would  aid  in  understanding  local  breakdown  of  this  coated  system 
and  of  coated  metals  in  general  if  the  measurements  truly  reflect  chemical  and  physical  events 
corresponding  to  changes  at  the  interface. 
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(a) 


(b) 


Figure  2.  The  two  models  used  for  calculation  of  the  effect  of  underfilm  water 
nucleation  are  shown,  (a)  Represents  pure  water  in  the  form  of  a  disk,  and  (b) 
represents  a  similar  calculation  with  inclusion  of  ion  transfer  from  the  bulk 
electrolyte. 
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Table  1:  The  values  used  for  calculation  of  the  increase  in  impedance 
(decrease  in  admittance)  due  to  nucleation  of  water  are  shown  for  each  model 
shown  in  Figure  2.  The  resulting  increase  in  impedance  is  shown  for  each 
calculation  using  a  frequency  of  500  Hz. 
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Figure  3.  A  typical  time  evolution  of  a  red  blister  is  shown.  The  changes  in 
peak  height  are  associated  with  possible  changes  in  electrochemical  activity. 
Note  the  decrease  in  peak  height  at  48  hours  and  the  catastrophic  increase  in 
peak  height  at  52  hours.  This  AA2024-T3  sample  was  coated  with 
polyester/polyether  polyurethane  and  immersed  in  0.6  M  NaCl. 


Region  mapped 


Figure  4.  Red  blister  beneath  polyester  polyuethane  coated  AA2024-T3  in 
0.6M  NaCl.  The  optical  image  (top)  shows  an  example  of  multi-lobed  blister 
containing  an  initiation  site  (lighter  red  lobe  with  open  circuit  potential  of 
-0.66  Vsce)  and  a  secondary  lobe  (darker  red  lobe  with  open  circuit  potential 
of -0.58  VSCE).  The  region  mapped  by  LEIM  is  shown  in  the  image  on  the 
bottom  left.  Local  open  circuit  potential  values  are  also  shown  for  each  lobe. 
LEIM  of  the  blister  is  shown  in  the  plot  on  the  bottom  right.  The  initiation  site 
appears  to  be  more  active  (peak)  than  the  secondary  lobe. 
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ABSTRACT 

Local  Electrochemical  Impedance  Mapping  (LEIM)  represents  a  potentially 
important  tool  in  the  characterization  of  discrete  electrochemical  phenomenon  on 
heterogeneous  surfaces,  such  as  the  degradation  of  a  coated  aluminum  alloy.  Since 
LEIM  is  an  emerging  tool,  it  is  essential  to  resolve  between  real  material  and  interfacial 
changes  and  possible  sampling  artifact  to  the  measured  LEIM  response.  To  this  end, 
both  analytical  and  numerical  models  were  developed  to  calculate  the  field  above  an 
equipotential  disk  to  examine  possible  LEIM  measurement  artifacts.  Several  features  in 
LEI  maps  which  could  be  the  result  of  artifact  in  the  measured  field  above  a  corroding 
region  were  addressed.  These  included  changes  in  the  field  due  to  the  following;  (1) 
edge  effects,  (2)  two  closely  spaced  corroding  sites  affecting  spatial  resolution,  (3)  a 
change  in  radius  of  a  corroding  site,  including  the  ability  of  LEI  to  resolve  small  sites. 
Numerical  analysis  was  found  to  more  realistically  model  the  finite  dimensions  and 
discrete  change  in  potential  that  were  used  in  actual  LEIM  experiments.  The  calculated 
field  above  the  equipotential  disk  was  then  compared  to  experimental  LEI  maps  of  gold 
disk  microelectrodes  embedded  in  Si02.  Edge  effects  were  found  to  be  an  unlikely 
source  for  experimental  observations  of  reduced  admittance.  The  spatial  resolution  of  the 
LEI  probe  was  predicted  through  theoretical  modeling  and  determined  experimentally  to 
be  sufficient  to  resolve  two  disk  separated  by  35  pm.  The  probe  was  also  predicted  and 
shown  experimentally  to  have  the  capability  to  measure  a  disk  of  radius  17.5  pm.  The 
successful  demonstration  of  this  numerical  model  will  allow  the  exploration  of  more 
complicated  material  interfaces,  such  as  materials  coated  with  a  dielectric  layer. 
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INTRODUCTION 

Local  electrochemical  impedance  (LEI)  is  an  important  tool  for  the 
characterization  of  discrete  breakdown  events  of  coated  metals  and  alloys  [1-7].  The 
sensitive  detection  and  complete  characterization  of  these  events  will  provide  a  more 
preeise  understanding  of  the  factors  that  govern  the  initiation  and  propagation  of 
underfilm  corrosion.  Part  I  of  this  series  introduced  a  library  of  features  commonly 
observed  in  the  LEI  mapping  (LEIM)  of  an  array  of  coating  chemistries  on  an  aluminum 
alloy  (AA2024-T3)  [8].  These  features  included:  (1)  a  depressed  admittance  in  the  very 
earliest  stages  of  underfilm  corrosion,  (2)  the  presence  of  an  admittance  trough  around 
eertain  admittance  peaks,  and  (3)  temporal  variations  in  admittance  peak  height,  and  (4) 
spatial  variations  in  admittance  peaks.  These  LEIM  characteristics  could  provide 
important  insight  into  coating  failure  if  these  features  could  be  interpreted  as  originating 
solely  from  material  and  interfacial  changes  and  not  to  measurement  artifact.  Because 
this  method  is  relatively  new  and  relies  on  subtle  changes  in  potential  or  current 
distribution,  it  is  crucial  that  results  be  reliably  interpreted.  Thus,  it  is  of  extreme  interest 
to  determine  whether  these  features  are  indeed  real  events  resulting  from  physical  and 
chemical  changes  on  or  within  the  material,  or  are  rather  an  artifact  resulting  from  the 
limits  of  sampling  subtle  changes  in  the  electric  field.  In  order  to  do  this,  the  fundamental 
characteristics  expected  in  the  local  electric  field  and  current  distribution  measurement  of 
the  corroding  site  must  be  understood.  This  can  be  aceomplished  by  modeling  the 
electrochemieal  interface  and  determining  the  field  either  analytieally  or  by  numerical 
analysis.  Findings  can  then  be  compared  with  LEIM  of  electrodes  fabricated  to 
equivalent  dimensions  and  to  LEIM  of  organic  coated  AA2024-T3. 

One  electrode  model  that  is  well  suited  for  the  investigation  of  field  distributions 
associated  with  localized  electrodes  is  the  equipotential  disk.  Previous  investigators  have 
modeled  an  equipotential  disk  electrode  both  analytically  [9-11]  and  with  computer 
simulation  [9,12].  An  equipotential  disk  is  a  reasonable  representation  of  a  local 
corrosion  site  undergoing  uniform  corrosion.  A  model  was  desired  which  could  be  used 
easily  for  such  additional  factors  as  an  additional  dielectric  layer  and  other  variations  in 
geometry  and  parameters.  The  analytical  and  numerical  models  described  in  this  paper 
focus  on  a  bare  equipotential  disk,  a  system  that  is  tractable  by  both  approaches  (i.e., 
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analytical  and  numerical).  However,  since  a  future  goal  is  to  model  the  disk  with  the 
addition  of  a  dielectric  layer,  which  has  not  been  previously  modeled,  a  theoretical 
approach  was  desired  that  which  could  readily  accommodate  changes  in  materials, 
geometry,  etc.  Analytical  approaches  become  intractable  and  involve  severe 
approximations  for  more  complex  geometries.  In  addition,  they  generally  do  not  take 
into  consideration  the  finite  boundaries  of  experimental  systems.  For  this  reason, 
computer  modeling  is  a  more  powerful  tool  for  consideration  of  additional  parameters 
and  geometries. 

Verification  of  modeling  results  can  be  performed  through  LEIM  of  fabricated 
electrodes  of  equivalent  dimensions  to  those  employed  in  calculations.  In  this  study,  gold 
disk  microelectrode  arrays  were  created  using  standard  semiconductor  fabrication 
techniques.  Patterns  were  created  of  disks  with  decreasing  radius  or  separation  distance 
to  test  LEI  probe  resolution  capabilities.  Comparison  of  LEIM  on  these  electrodes  with 
the  fields  above  disk  electrodes  calculated  theoretically  provided  conclusive  prediction  of 
probe  capabilities  and  examined  where  artifact  might  contribute  to  measurements  on 
organic  coated  AA2024-T3. 

EXPERIMENTAL  METHODS 

Finite  Element  Modeling:  The  finite  element  method  was  used  to  model  an  equipotential 
disk  electrode  with  several  variations.  All  models,  meshes  and  solutions  were  created 
using  ANSYS®  5.5  software  on  a  Unix  platform  (AIX).  An  IBM  RJSC/6000  computer 
with  192  MB  of  RAM  and  at  least  6  GB  of  free  hard  disk  space  was  used.  Models  were 
meshed  with  3-D  tetrahedron  shapes  specific  to  electrostatic  problems.  Mesh  density 
varied  depending  on  the  model.  Software  limitations  allowed  for  a  128,000  node 
maximum.  The  model,  shown  in  Figure  1,  consisted  of  the  following  parts:  a  disk  area 
within  an  insulating  annulus  and  a  series  of  cylindrical  volumes  above  the  disk  to 
represent  layers  of  different  dielectric  materials  all  confined  within  a  cylindrical 
reservoir.  40  mV  were  applied  to  the  disk  electrode  area  and  0  potential  was  applied  to  all 
other  outer  boundaries. 

The  basic  model  (Figure  1)  used  in  this  study  resembles  the  actual 
electrochemical  cells  and  sample  geometries  used  in  previous  LEIM  experiments  on 
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coated  aluminum  alloy  and  on  the  present  LEIM  experiments  on  gold  microelectrodes. 
Experimentally,  a  glass  reservoir  is  affixed  to  a  metal  or  coated  metal  surface  and  filled 
with  bulk  solution.  The  loads  are  applied  and  the  solution  for  the  potential  is  found  for 
each  element  and  subsequently  for  the  entire  model.  This  model  can  be  varied  readily, 
with  the  limiting  factor  merely  being  how  well  it  can  be  meshed.  Small  comers  or  curves 
and  thin  edges  are  more  difficult  to  mesh  than  large  open  areas.  The  potential  was 
calculated  at  each  node  and  the  electric  field  for  each  element.  The  nodal  solution  of  the 
potential  was  used  for  all  analyses  because  nodal  data  is  more  easily  manipulated  and 
because  the  discrete  change  in  potential  more  closely  represents  actual  LEIM  data  in 
which  two  discrete  potential  measurements  are  acquired  above  the  surface.  While 
preliminary  studies  of  this  aspect  are  discussed  here,  a  detailed  experimental  verification 
will  be  presented  in  a  subsequent  paper  in  this  series.  Meshes  were  refined  at  two 
separate  heights  above  the  surface  of  the  disk  (75  and  100  pm)  representing  the  positions 
of  the  two  reference  microelectrodes  in  a  typical  LEI  experiment.  Data  for  analysis  were 
extracted  at  these  two  heights.  The  potential  at  the  upper  height  was  subtracted  from  the 
potential  at  the  lower  height  (as  is  performed  in  LEIM)  to  yield  a  change  in  potential,  or 
discrete  normal  field.  The  excitation  frequency  was  not  a  parameter  considered  in 
calculations,  though  it  was  not  expected  to  affect  the  general  shape  of  the  results. 

Because  frequency  was  not  considered,  finite  element  calculations  were  not  comparable 
in  absolute  amplitude  to  experimental  measurements  using  LEIM.  Trends,  changes  in 
amplitude  and  edge  effects,  however,  are  well  represented  by  the  normal  field. 

LEIM:  LEIM  was  performed  using  a  five-electrode  system  fashioned  after  Lillard  et  al. 
[13,14].  The  five-electrode  probe  consisted  of  a  typical  three-electrode  arrangement 
(working  electrode,  counter  electrode,  and  reference  electrode)  used  to  control  the  dc 
potential  and  excite  the  interface  potentiostatically  with  an  ac  signal,  while  two  micro¬ 
reference  electrodes  were  used  to  detect  the  local  potential  gradient  in  solution  above  the 
sample  surface  [3].  The  dc  potential  and  ac  excitation  of  the  samples  were  established 
with  a  Solartron  1286  electrochemical  interface  and  Solartron  1255  HE  frequency 
response  analyzer  all  under  computer  control. 
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The  probe  consisted  of  a  250  pm  diameter  Ag/AgCl  wire  as  the  main  reference 
electrode,  a  ring-shaped  Pt  wire  as  the  counter  electrode  and  two  micro-reference 
electrodes  made  from  Teflon  coated  Ag/AgCl  wires,  each  125  pm  in  diameter.  The 
substrate  served  as  the  working  electrode.  The  potential  measured  between  the  two 
micro-reference  electrodes  was  converted  to  a  local  current  density  [2,3,5]  and  used  to 
calculate  the  local  impedance. 

The  standard  excitation  used  for  coated  aluminum  samples  was  a  15  mV  (rms) 
sine  wave  oscillating  at  700  Hz  positioned  about  the  open  circuit  value  of  the  system.  An 
additional  -1-40  mV  DC  bias  was  applied  to  the  gold  disk  microelectrodes  in  order  to 
establish  a  Faradaic  charge  transfer.  The  probe  was  stepped  across  the  surface  in  varying 
increments  using  a  modified  Teledyne  TAG  model  PR-52  automatic  wafer  scanner  with 
adjustable  X  and  Y  step  sizes.  The  minimum  step  size,  or  distance  between  sampling 
points,  was  10  pm,  but  maps  were  limited  to  a  total  of  1000  data  points.  Step  size  was 
adjusted  according  to  the  area  to  be  mapped.  The  LEI  probe  itself  is  discussed  in  greater 
detail  elsewhere  [3-7]. 

Gold  microelectrodes:  A  pattern  of  gold  disk  electrodes,  shown  in  Figure  2,  was  created 
because  this  electrode  geometry  would  provide  a  potential  distribution  that  would  allow 
comparison  of  experimentally  acquired  LEI  data  to  that  acquired  via  FEM  calculations. 
These  electrodes  would  allow  edge  effects  and  questions  of  spatial  resolution  to  be 
investigated  in  detail.  Fold  disks  of  decreasing  radius  from  500  pm  to  17.5  pm  were 
fabricated  on  2.5  cm  diameter  silicon  wafers.  An  additional  pattern  for  determination  of 
spatial  resolution  was  created  using  disks  of  100  pm  with  separations  distances 
decreasing  from  1  mm  to  35  pm  (measured  edge-to-edge). 

Gold  disk  electrodes  were  fabricated  using  the  following  procedure.  An  oxide  was 
produced  on  the  silicon  wafer  surfaces  by  heating  the  wafers  in  a  wet  oxidation  furnace 
for  20  minutes  at  a  temperature  of  1 160°C.  This  created  an  oxide  thickness  of 
approximately  0.3  -  0.33  pm.  Two  layers  of  photoresist  were  applied  to  the  oxide,  each 
by  spin-casting.  The  first  layer,  AZP41 10,  was  flood  exposed  to  UV  light,  and  then  the 
second  layer,  AZP4210,  was  applied.  A  pre-pattemed  mask  was  placed  on  the  oxide 
which  contained  the  patterns  of  disks  or  rectangles  of  different  sizes  and  separation 
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distances.  The  wafer  was  exposed  to  UV  light  and  both  layers  of  photoresist  were  then 
developed.  In  this  way,  the  pattern  was  transferred  to  the  wafer.  Only  the  portion  of  the 
oxide  which  was  exposed  was  etched.  The  use  of  two  layers  of  photoresist  avoided 
undercutting  by  the  etch. 

Chrome  was  first  deposited  on  the  wafer  using  an  evaporator  to  a  thickness  of  500 
A.  This  was  done  to  enhance  the  adhesion  of  gold  to  the  surface.  Gold  was  then 
deposited  to  a  thickness  of  2500-2800  A  to  achieve  a  surface  flush  with  the  silicon.  Any 
extraneous  metal  was  lifted  by  dissolving  the  photoresist  in  acetone.  The  result  was  a 
pattern  of  gold  disk  electrodes  of  different  sizes  embedded  in  an  insulator  but  electrically 
contiguous  (see  Figure  2).  This  process  has  been  discussed  in  detail  elsewhere  [7]. 

RESULTS  AND  DISCUSSION 
Analytical  modeling 

The  normal  field  above  an  equipotential  disk  has  been  calculated  analytically  by 
previous  researchers  [9-11].  It  was  thought  that  similar  calculations  may  be  possible  for 
more  complex  cases  without  excessive  approximation.  Starting  with  the  simpler  case  to 
establish  basic  equations,  the  normal  field  above  a  disk  was  calculated  using  rotational 
elliptical  coordinates  following  a  derivation  by  another  author  [10].  It  should  be  noted 
that  this  derivation  has  been  performed  previously  in  both  rotational  elliptical  coordinates 
[10]  and  cylindrical  coordinates  [11].  Other  authors  [9,12]  have  related  the  two  methods 
by  stating  that  the  final  expression  in  cylindrical  coordinates  was  found  by  simply 
converting  the  solution  expressed  in  elliptical  coordinates  to  cylindrical  coordinates. 
However,  the  solution  can  not  be  converted  in  this  manner.  This  discrepancy  is  due  to  the 
fact  that  different  boundary  conditions  were  employed  to  specify  an  insulating  plane 
outside  the  disk:  either  the  electric  field  outside  the  disk  must  be  0  [10]  or  the  current 
density  outside  the  disk  must  be  0  [1 1].  While  the  resulting  solutions  for  the  electric 
potential  produce  similar  plots,  these  expressions  are  not  equivalent.  The  conversion  of 
the  solution  for  potential  from  elliptical  coordinates  to  cylindrical  coordinates  is  non¬ 
trivial  and  may  result  in  an  erroneous  expression  as  seen  in  reference  9.  The  correet 
expression  in  cylindrical  coordinates  is  derived  using  only  cylindrical  coordinates 
throughout  the  derivation  [11]. 
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where  I  is  the  total  current,  k  is  the  solution  conductivity,  and  a  is  the  radius  of  the  disk. 
The  normal  field  can  be  found  by  taking  the  derivative  of  the  potential  with  respect  to  z. 
However,  because  the  measured  impedance  in  LEIM  experiments  uses  a  discrete 
difference  in  potential  at  two  points,  the  normal  field  was  determined  by  subtracting  the 
calculated  potential  at  two  points  normal  to  each  other  and  separated  by  0.25  pm.  This 
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represents  the  actual  separation  between  the  microreference  electrodes.  The  resulting 
plot  for  several  heights  above  the  surface  is  shown  in  Figure  3,  using  as  an  example 

I  =  100  pA,  a  =  300  pm,  k  =  56.3  (mQ)''  ,  Oo  =  —  =  1.885  V.  (8) 

4m 

Using  the  methods  and  terminology  of  Zou,  Thierry,  and  Isaacs  [12],  the  distance 
between  the  sample  surface  and  the  lower  microreference  tip  is  considered  to  be  the 
vertical  height,  z,  of  the  probe  from  the  surface.  One  important  feature  to  note  in  Figure 
3  is  the  reduced  field  over  the  center  of  the  disk  when  the  vertical  height  from  the  disk  is 
smaller  than  the  radius  of  the  disk.  This  depression  is  due  to  the  fact  that  the  charge 
density  on  an  equipotential  disk  is  more  concentrated  at  the  edges.  These  edge  effects  are 
an  important  consideration  when  interpreting  LEIM  measurements  of  locally  corroding 
sites  because  such  depressions  and  other  features  are  suggestive  of  edge  effects  as 
presented  in  Part  I  of  this  series  [8].  However,  the  depression  in  admittance  seen  in  LEI 
maps  of  early  stage  underfilm  corrosion  on  organic  coated  AA2024-T3  do  not  resemble 
those  in  theoretical  calculations  arising  from  edge  effects.  The  depression  in  admittance 
in  early  stages  of  a  blister  falls  below  the  base  admittance  level  of  the  surrounding  region, 
whereas  the  depression  in  Figure  3  lies  above  the  base  field  level  and  is  only  lower 
relative  to  the  peaks  in  the  normal  field  at  the  edges  of  the  disk.  In  addition,  it  can  be 
seen  in  Figure  3  that  the  lower  the  depression  in  the  field  above  and  equipotential  disk, 
the  higher  the  peaks  at  the  edges  of  the  disk.  No  raised  admittance  is  observed  at  the 
edges  of  the  blisters  on  organic  coated  AA2024-T3.  Thus,  modeling  of  such  corrosion 
sites  has  ruled  out  edge  effects  as  the  cause  of  the  experimentally  observed  changes  in 
impedance  amplitude  This  now  points  to  real  physical  or  chemical  changes  in  the 
materials  and  interface  as  the  source  for  the  LEI  changes. 

It  should  be  noted  that  the  normal  field  above  an  equipotential  disk  using  the 
derivation  in  elliptical  coordinates  is  slightly  different,  primarily  in  amplitude,  from  the 
plot  using  the  derivation  in  cylindrical  coordinates.  A  comparison  of  the  two 
calculations  at  a  dimensionless  height,  z/a  =  0.25,  is  shown  in  Figure  4.  The  important 
features  are  present  and  similar  in  both  plots.  However,  the  observed  differences  illustrate 
the  sensitivity  of  analytical  calculations  to  boundary  conditions  and  approximations,  and 
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hence  the  impracticality  of  analytical  modeling  of  a  finite  geometry  with  numerous 
parametric  variations. 

Numerical  Modeling 

The  eventual  goal  of  analytical  calculations  was  to  model  a  disk  electrode  with 
the  addition  of  a  dielectric  layer.  It  was  the  failure  of  analytical  calculations  to  model  this 
system  in  a  practical  and  representative  way  which  prompted  the  use  of  numerical 
methods  instead.  These  calculations  are  shown  in  detail  elsewhere  [15]. The  equipotential 
disk  was  subsequently  modeled  using  finite  element  analysis. 

The  finite  element  method  is  a  well  established  numerical  analysis  technique 
capable  of  calculating  quantities  such  as  potential  distribution  for  complex  geometries 
[16,17].  In  the  finite  element  method,  a  model  is  broken  into  many  regular  polygonal 
pieces  or  elements.  This  is  referred  to  as  meshing.  Points  of  intersection  of  elements  are 
called  nodes.  The  desired  field  is  interpolated  within  each  element  such  that  the  solutions 
across  elemental  or  nodal  boundaries  are  continuous,  following  the  concept  that  the  sum 
of  solutions  within  each  element  produces  a  solution  for  the  entire  model.  The  higher  the 
density  of  elements  and  the  more  regular  the  polygonal  shape  (e.g.  no  small  angles),  the 
better  the  accuracy  of  the  calculation.  A  great  advantage  of  finite  element  method  is  that 
parameters  can  be  modified  without  prohibitively  complicating  the  solution.  Current 
software  allows  for  models  to  be  created  and  meshed  with  relative  ease.  In  addition, 
finite  boundaries  are  considered,  rather  than  unrealistic  infinite  planes  generally 
considered  in  theoretical  calculations. 

The  case  of  a  bare  equipotential  disk  was  first  calculated  using  finite  element 
analysis,  and  compared  to  the  analytical  calculation  for  verification.  The  disk  was  500 
pm  in  diameter  with  an  outer  radius  of  800  pm  for  the  insulator  and  bulk  solution.  The 
heights  of  the  two  potential  slices  for  calculation  of  the  normal  field  were  taken  such  that 
the  lower  height  was  consistent  with  the  z/a  heights  in  Figure  3.  These  data  produced  a 
3-dimensional  plot,  comparable  to  LEIM  data.  A  2-dimensional  cross  section,  or  slice, 
was  taken  for  the  purpose  of  comparison  with  calculations.  These  results  are  shown  in 
Figure  5. 
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The  plot  in  Figure  5  shows  not  only  the  edge  effects  in  the  center  of  the  disk,  but 
also  edge  effects  just  outside  the  disk.  An  important  difference  between  the  analytical 
and  numerical  solutions  that  is  of  consequence  is  the  reduced  normal  field  just  outside  the 
disk  seen  in  the  finite  element  results  but  not  in  the  analytical  results.  This  is  due  to  a 
combination  of  two  factors.  The  first  is  that  the  analytical  solution  considers  the 
insulating  plane  to  be  infinite,  whereas  the  plane  of  zero  potential  surrounding  the  disk  in 
the  finite  element  model  is  finite.  Figure  6  shows  these  regions  of  reduced  field  for 
models  where  all  dimensions  are  kept  the  same,  but  the  outer  radius  of  the  region  of  zero 
potential  outside  the  disk  is  increased.  Although  an  outer  radius  larger  than  the  one 
shown  was  difficult  to  solve  with  accuracy  because  of  limitations  on  maximum  node 
number,  it  was  nevertheless  evident  from  the  plot  in  Figure  6  that  the  cusp  just  outside 
the  disk  was  reduced  when  the  outer  boundary  distance  was  increased.  The  reason  for  the 
apparent  oscillations  in  the  cusp  for  the  disk  with  larger  outer  radius  is  as  yet  unclear. 

The  results  shown  in  Figure  6  illustrate  the  importance  of  modeling  finite  boundaries  for 
more  realistic  comparison  with  experimental  data.  Such  cusps  surrounding  a  peak  have 
been  observed  in  LEIM  of  coated  aluminum  alloy  and  were  presented  in  Part  I  of  this 
series  [8].  However,  it  is  unclear  at  this  time  whether  these  are  indeed  caused  solely  by 
edge  effects  or  whether  material  and  interfacial  changes  are  playing  a  role. 

The  field  distribution  above  a  bare  equipotential  disk  was  calculated  for  different 
disk  radii.  This  was  done  to  evaluate  the  change  in  amplitude,  shape  and  edge  effects  of 
the  field  using  disks  of  smaller  radius,  and  to  predict  the  resolving  capability  of  the  LEI 
probe  for  a  small  disk.  While  in  the  former  calculations,  the  probe  height  was  changed 
relative  to  the  radius,  in  these  calculations  the  height  was  kept  constant  and  the  disk 
radius  changed.  The  difference  is  that  the  radius  of  the  disk  is  also  changed  relative  to 
the  outer  radius  of  the  cell  (the  outer  cell  radius  is  kept  constant),  which  is  representative 
of  electrode  size  changes  during  underfilm  corrosion  growth  within  a  cell  of  fixed  size. 
The  potential  was  calculated  for  disks  of  radius  500, 255, 130,  66.7,  34,  and  17.5  pm. 
These  values  were  chosen  to  match  the  radii  of  gold  micro-disk  electrode  arrays  created 
for  experimental  verification.  The  two-dimensional  compilation  of  all  of  the  different 
sizes  is  shown  in  Figure  7. 
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From  Figure  7  it  is  clear  that  while  a  peak  would  appear  to  he  measurable  over  a 
disk  of  radius  17.5  pm,  both  the  amplitude  and  the  width  of  the  peak  were  low.  The 
width  of  the  peak  plays  a  crucial  role  in  the  ability  of  the  probe  either  to  differentiate 
active  and  passive  regions  within  a  blister,  or  to  detect  the  initiation  of  a  breakdown  site. 
Since  the  LEI  probe  used  in  this  study  is  stepped  across  the  surface  using  step  sizes  as 
low  as  10  microns,  the  normal  field  must  extend  in  the  x-y  plane  to  a  large  enough  radius 
such  that  it  will  not  be  missed  by  one  step  of  the  probe.  In  addition,  the  amplitude  {i.e. 
potential  difference)  must  be  within  the  sensitivity  of  the  LEI  system  (ca.  1  nV). 

It  should  be  noted  that  the  height  of  the  peak  in  the  calculated  field  increased  as 
the  disk  approached  the  dimensions  of  a  point  source.  As  the  concentration  of  charge 
^  became  more  confined  within  increasingly  smaller  disk  areas,  the  amplitude  of  the  field 
at  the  center  of  the  peak  increased  slightly.  Once  the  disk  resembled  a  point  source  {i.e. 
no  visible  edge  effects),  a  decrease  in  the  electrode  radius  was  accompanied  by  a 
corresponding  decrease  in  peak  amplitude.  This  suggests  that  a  decrease  in  peak  height 
over  an  established  underfilm  corrosion  site  may  represent  an  increase  in  the  size  of  the 
corroding  area,  rather  than  a  decrease  in  electrochemical  activity.  However,  this  increase 
would  also  be  accompanied  by  an  increase  in  peak  width,  so  that  an  increase  in  peak 
height  due  to  the  increase  in  the  area  of  underfilm  corrosion  may  be  able  to  be 
distinguished  from  an  increase  in  electrochemical  activity,  since  the  latter  would  have  no 
increase  in  area  of  corrosion.  An  increase  in  peak  height  not  accompanied  by  an  inerease 
in  width  would  likely  be  due  to  an  increase  in  electrochemical  activity  and  not  in  the  area 
of  underfilm  corrosion. 

Spatial  variations  exist  in  the  electrochemical  activity  across  coated  aluminum 
alloys  [3-7].  For  example,  previous  research  [5-8]  showed  that  aggressive  blisters  often 
branch  into  secondary  lobes  of  reduced  electrochemical  activity.  Therefore,  it  was 
important  to  address  the  spatial  resolution  of  the  LEI  probe.  It  is  necessary  to  determine 
whether  the  LEI  probe  can  theoretically  distinguish  the  presence  of  two  peaks,  rather  than 
record  one  blended  peak  over  the  two  sites.  To  examine  this,  two  adjacent  disks  were 
modeled  with  decreasing  separation  distances.  A  diagram  of  the  basic  model  used  for 
this  ealculation  is  shown  in  Figure  8.  The  disks  were  located  symmetrically  at  half  the 
separation  distance  from  the  center  of  the  cylindrical  cell  as  shown. 
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The  normal  field  above  two  200  pm  diameter  disks  was  calculated  for  several 
separation  distances:  1  mm,  510  pm,  260  pm,  133  pm,  68  pm,  and  35  pm  from  edge  to 
edge.  These  distances  were  chosen  for  subsequent  comparison  to  the  gold  disk 
microelectrode  arrays  fabricated  for  experimental  verification.  A  comparison  of  the 
cross-sections  of  the  normal  field  above  the  disks  at  each  separation  distance  is  shown  in 
Figure  9.  It  can  be  observed  from  the  calculated  field  for  each  separation  distance 
between  disks  that  the  field  above  the  two  disks  does  not  begin  to  merge  until  the 
separation  distance  is  approximately  less  than  the  radius  of  the  disk.  However,  even  with 
a  separation  distance  of  only  35  pm,  two  separate  peaks  are  clearly  discemable. 

LEIM  of  fabricated  electrodes 

LEIM  was  first  performed  on  a  gold  microelectrode  with  a  radius  of  500  pm  at 
several  different  excitation  frequencies  in  order  to  optimize  the  frequency  used  for 
subsequent  experiments.  The  resulting  map  is  shown  in  Figure  10.  Cross  sections  of  the 
disk  were  mapped  rather  than  the  entire  area,  both,  for  improved  comparison  and  to 
maximize  resolution  within  a  1000  maximum  data  point  limitation  of  the  software  used. 
From  this  plot  it  was  apparent  that  3000  Hz  provided  a  map  of  the  admittance  that 
maximized  the  amplitude  and  correlation  in  shape  with  that  predicted  by  theoretical 
calculations.  This  frequency  was  used  for  all  subsequent  LEIM  of  uncoated  disk 
electrodes.  It  was  apparent  from  LEIM  of  the  disk  electrode  that  the  edge  effects  (/.e., 
peak  in  the  field  at  the  edges  of  the  disk  and  reduced  field  just  outside  the  disk)  seen  in 
theoretical  calculations  were  only  somewhat  apparent  at  the  center  of  the  disk  and  not 
visible  at  the  periphery  of  the  disk.  This  could  be  due  to  several  factors.  Silicon  oxide, 
the  insulator  surrounding  the  gold  microelectrodes,  is  not  a  perfect  insulator  and  is  not, 
therefore,  held  at  exactly  0  potential.  This  factor  may  be  enough  to  dampen,  particularly, 
the  outer  edge  effects. 

LEIM  was  also  used  to  measure  the  interfacial  admittance  of  gold  disk  electrodes 
of  decreasing  radius  where  the  lower  probe  microelectrode  was  fixed  at  a  height  of  ca.  75 
pm.  The  dimensions  of  the  disk  were  identical  to  those  considered  in  the  finite  element 
models.  Figure  1 1  shows  the  admittance  plots  for  all  of  these  disk  sizes.  The  disk  of 
17.5  pm  radius  is  shown  at  a  lower  admittance  scale  for  greater  clarity.  The  change  in 
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amplitude  and  in  peak  width  correlates  with  that  predicted  by  both  the  numerical  and 
analytical  models.  However,  the  initial  increase  in  amplitude  calculated  by  numerical 
analysis  was  not  observed.  This  is  probably  due  to  the  fact  that  edge  effects  were 
altogether  not  as  apparent  in  experimental  measurements  as  in  calculations.  It  is  also 
evident  that  the  LEI  probe  can  easily  measure  the  admittance  of  the  smallest  disk  of  17.5 
pm  radius  even  with  a  minimum  step  size  of  10  pm. 

The  spatial  resolution  of  the  probe  was  examined  by  measuring  the  admittance 
over  a  row  of  aligned  disks  with  decreasing  separation  distance.  The  disks  were  each  100 
pm  in  radius  and  the  separation  distances  from  edge  to  edge  of  the  disks  was  1mm,  714, 
510, 364, 260,  186,  133,  95,  68, 48,  and  35  pm.  Because  fabrication  of  the 
microelectrode  arrays  was  both  time  consuming  and  expensive,  the  disks  were  aligned  in 
a  single  row.  Therefore,  the  admittance  at  the  edge  of  one  disk  was  affected  by  the  field 
from  the  neighboring  disk  or  disks.  Nevertheless,  LEIM  of  the  line  of  disks  could  be 
compared  to  FEM  calculations  and  used  to  predict  spatial  resolution.  Figure  12  shows  a 
cross-sectional  plot  of  the  first  four  disks  (of  separation  35, 48  and  68  pm)  using  LEIM. 

It  was  determined  by  the  theoretical  calculations  that  measurements  of  disks  with  greater 
separation  was  not  necessary  because  the  fields  above  the  two  disks  were  already 
completely  separate  at  such  distances  (i.e.  greater  than  the  disk  radius).  It  is  evident  from 
the  figure  that  even  at  a  separation  of  only  35  pm,  the  two  peaks  predicted  to  be 
distinguishable  in  the  theoretical  models  are  experimentally  distinguishable  by  LEIM. 

This  paper  has  demonstrated  the  efficacy  of  a  FEM  model  in  the  characterization 
of  expected  results  when  discretely  sampling  the  normal  field  above  micro  electrodes 
within  cells  of  finite  dimension.  In  the  present  study,  the  electrodes  were  left  bare,  so  that 
the  numerical  model  could  be  compared  to  anal54:ical  methods.  However,  the  eventual 
goal  is  to  examine  how  the  presence  of  a  dielectric  layer  effects  the  normal  field.  This 
will  be  examined  in  part  III  of  this  series. 

SUMMARY  AND  CONCLUSIONS 

LEIM  is  a  potentially  important  tool  in  the  investigation  of  the  degradation 
mechanism  of  coated  alloys.  Part  I  of  this  series  has  shown  reoccurring  features  in  the 
LEI  response  of  coating  degradation  (e.g.,  temporal  and  spatial  variations  in  admittance 
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peak  heights,  admittance  depressions  in  early  stages  of  breakdown,  admittance  troughs 
surrounding  peaks).  These  features  could  impart  significant  meaning  into  degradation 
phenomenon  if  they  could  be  interpreted  to  result  solely  from  physical  or  chemical 
changes  within  the  materials  and  interface.  However,  LEIM  is  an  emerging  tool,  and  it  is 
unclear  at  present  as  to  the  contributions  of  artifact  that  could  result  from  the  discrete 
sampling  process  of  the  normal  field. 

This  paper  represents  the  first  step  in  developing  a  modeling  method  that  will 
allow  the  description  of  an  electric  field  above  an  electrode  surface  covered  with  a 
dielectric  layer  and  immersed  in  a  cell  of  finite  dimension.  An  initial  analytical  approach 
was  used  to  validate  a  numerical  method  based  on  FEM.  The  FEM  was  further  validated 
by  comparison  of  theoretical  results  to  experimental  results  of  single  and  arrayed  micro¬ 
disk  electrodes. 

FEM  offered  a  much  greater  possibility  for  variation  of  geometry  and  parameters 
and  a  more  realistic  representation  of  the  finite  boundaries  considered  in  experimental 
measurements.  A  negative  normal  field  was  seen  in  FEM  results  just  outside  the  disk. 
This  was  shown  to  be  a  result  of  the  more  realistic  finite  boundaries  used  in  the  model. 
This  effect  was  not  seen  in  analytical  calculations  because  of  the  assumption  of  infinite 
boundaries.  Several  conclusion  could  be  drawn  from  theoretical  modeling  of  the 
equipotential  disk: 

•  The  normal  field  above  the  bare  disk  calculated  at  different  heights  above  the  surface 
showed  greater  edge  effects  at  closer  distances  from  the  disk. 

•  Decreasing  the  radius  of  a  bare  disk  electrode  resulted  in  an  initial  increase  in  the 
magnitude  of  the  field  but  a  decrease  in  the  edge  effects  until  the  field  above  the  disk 
resembled  a  point  source.  Both  the  magnitude  and  edge  effects  then  decreased  with 
decreasing  radius.  It  was  predicted  that  a  disk  of  radius  17.5  pm  should  be  within  the 
measurement  capabilities  of  the  LEI  probe. 

•  Calculation  of  the  field  above  two  bare  disk  electrodes  predicted  that  two  distinct 
peaks  should  still  be  discemable  even  at  a  separation  of  only  35  pm.  This  suggested 
that  LEIM  would  be  capable  of  discerning  two  separate  regions  of  electrochemical 
activity  located  in  close  proximity. 
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•  Admittance  depressions  observed  in  early  stages  of  coating  degradation  were  deemed 
real  and  not  a  result  of  measurement  artifact.  No  condition  within  the  FEM  model 
would  allow  for  a  depression  without  the  presence  of  other  prominent  features.  These 
other  features  were  not  observed  experimentally.  However,  the  admittance  troughs 
observed  around  admittance  peaks  could  be  a  measurement  artifact  resulting  from 
edge  effects  (charge  accumulation  at  the  edge  of  the  electrode). 

•  Disks  of  35  mm  diameter  were  detected,  and  separations  of  35  pm  were  resolvable 
with  the  present  LEI  system.  This  should  not  be  construed  as  the  limits  of  the 
technique,  but  more  are  the  limits  of  the  system  used. 
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Figure  1:  A  diagram  is  shown  of  the  basic  model  created  in  ANSYS  to 
represent  the  different  regions  of  dielectric  constant  and  applied  potential  of 
the  system. 


Figure  2:  Gold  disk  microelectrodes  were  created  to  determine  size  resolution 
of  the  LEI  probe  and  edge  effects  in  the  field  emanating  from  a  disk  (upper 
left)  and  spatial  resolution  of  the  LEI  probe  (upper  right).  The  pattern  on  the 
left  was  used  for  the  investigations  discussed  in  this  paper.  An  enlarged  image 
of  the  17.5  |xm  radius  disk  is  shown  below  the  two  arrays. 
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Figure  3:  The  analytically  calculated  normal  field  at  varying  heights,  z,  above 
the  surface  of  an  equipotential  disk  is  shown.  Both  heights  above  the  surface 
and  radial  distance  are  given  as  dimensionless  quantities  relative  to  the  disk 
radius,  a. 
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Figure  4:  The  normal  field  for  dimensionless  height  z/a  =  0.25  above  the 
surface  of  the  disk  is  compared  for  the  derivation  of  the  potential  in  elliptical 
and  cylindrical  coordinates.  While  the  shape  is  similar,  the  magnitudes  are  not 
equivalent  between  derivations. 
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Figure  5:  (a)  The  normal  field  is  shown  for  different  heights  above  the  surface 
to  represent  different  sampling  height  of  the  LEI  probe,  (b)  For  a  height-to 
radius  ratio  of  z/a=0.25,  the  discrete  field  is  compared  between  the  finite 
element  calculation  (top)  and  the  analytical  calculation  (bottom).  The  plots  in 
(b)  are  shown  separately  because  of  a  difference  in  scale  due  to  a  difference  in 
some  parameter  values.  The  general  shape  is  under  comparison. 
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Figure  6:  This  figure  demonstrates  the  reduction  of  the  outer  edge  effects  with 
an  increase  in  the  radius  of  the  outer  model  boundary.  Analytical  calculations 
employ  infinite  boundaries  and  therefore  do  not  show  a  reduced  field  just 
outside  the  disk. 
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Figure  7:  2-dimensional  cross-sections  are  shown  for  the  normal  field  above 
equipotential  disk  of  varying  radius. 


Figure  8:  A  diagram  of  the  geometry  used  to  model  two  adjacent 
equipotential  disks. 
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Figure  9:  Two-dimensional  cross-sections  are  shown  of  the  normal  field  above 
two  adjacent  equipotential  disk  at  varying  separation  distance.  The  plots  have 
been  separated  for  greater  clarity.  The  change  in  potential  axis  is  equivalent 
for  each  plot. 
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Figure  10:  LEIM  of  a  1  mm  diameter  gold  disk  is  shown  for  various 
frequencies.  A  frequency  of  3000  Hz  appears  to  be  optimal. 


Figure  11:  LEIM  is  shown  for  gold  disk  electrodes  of  varying  radius:  500, 
255,  133,  66.7,  34  and  17.5  |im  (upper).  The  disk  of  17.5  pm  radius  is  shown 
at  a  lower  scale  (lower).  Since  the  variations  in  admittance  outside  the  disk 
occur  within  10  pm  step  intervals,  these  can  be  attributed  to  noise  internal  to 
the  system. 


Figure  12:  LEIM  is  shown  for  adjacent  gold  disk  electrodes  of  increasing 
separation  distance.  From  left  to  right,  the  separation  distances  are  35,  48  and 
68  pm. 


ELSEVIER 


Progress  in  Organic  Coatings  43  (2001)  141-148 


PROGRESS 
IN  ORGANIC 
COATINGS 


www.elsevier.com/locate/porgcoat 


Incentives  for  using  local  electrochemical  impedance  methods 
in  the  investigation  of  organic  coatings 

S.R.  Taylor* 

Center  for  Electrochemical  Science  and  Engineering,  University  of  Virginia,  Charlottesville,  VA  22904,  USA 
Received  1 1  September  2000;  received  in  revised  fonn  20  March  2001 ;  accepted  24  April  2001 


Abstract 

The  assessment  of  changes  in  organic  coatings  in  a  corrosive  environment  has  traditionally  utilized  global  electrochemical  methods, 
such  as  electrochemical  impedance  spectroscopy  (EIS),  in  which  a  relatively  large  area  of  the  sample  is  examined.  Recently,  more  localized 
methods  of  impedance  measurement  have  been  developed  and  used  to  map  heterogeneities  across  a  sample  surface,  and  the  temporal  changes 
of  these  regions.  These  localized  methods  are  essential  to  further  understand  the  breakdown  process  of  coated  alloys  that  inevitably  occurs 
at  discrete  sites.  This  paper  will  examine  the  incentives  for  making  local  electrochemical  impedance  measurements,  the  advantages  and 
limitations  of  this  method,  some  of  the  lessons  learned,  and  the  present  understanding  of  local  breakdown  processes  on  model-coated 
substrates.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Local  electrochemical  impedance  spectroscopy;  Local  electrochemical  impedance  mapping;  Coating  defect;  Heterogeneities 


1.  Introduction 

Coating  degradation  during  the  course  of  underfilm 
corrosion  requires  ion  transport  and  the  establishment  of 
electrochemical  reactions  (i.e.  oxidation  and  reduction)  at 
the  metal  interface,  so  it  has  thus  been  logical  to  approach 
the  investigation  and  quantification  of  coating  degradation 
with  electrical  and  electrochemical  test  methods.  Electro¬ 
chemical  impedance  spectroscopy  (EIS)  has  proven  to  be  an 
extremely  valuable  test  method  for  the  characterization  of 
organic  coating  degradation  in  aqueous  media  [1-9].  While 
global,  i.e.  surface  averaged,  electrochemical  methods  such 
as  EIS  have  generally  proved  to  be  successful  in  delineation 
of  the  degradation  kinetics  of  organically  coated  metals, 
mechanistic  and  technical  questions  remain  as  to  where, 
why,  or  how  the  coating  has  failed.  In  spite  of  the  volume 
of  effort  directed  towards  the  global  assessment  of  organic 
coatings  using  electrical  and  electrochemical  methods,  our 
ability  to  reliably  predict  the  service-life  of  coatings  based 
on  these  measurements  is  limited.  This  limitation  is  pos¬ 
sibly  linked  to  the  statistical  nature,  both  spatially  and 
temporally,  of  the  locus  of  failure. 

Observationally,  we  know  that  the  failure  of  organic  coat¬ 
ings  is  initiated  at  a  local  site.  Initial  investigations  of  the 
origins  of  coating  failure  focused  on  electrical  and  electro- 
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chemical  characterizations  of  dissected  patches  of  coatings 
[10,11].  These  investigations  characterized  two  general 
types  of  coating  behavior  in  epoxy  materials  (D-  and  I-type 
behavior)  and  determined  that  eventual  coating  breakdown 
was  associated  with  specific-coating  regions  whose  conduc¬ 
tivity  changed  proportionally  with  the  conductivity  of  the 
electrolyte  (D-type  areas).  These  D-type  regions  provided 
the  eventual  locus  of  failure  and  have  been  attributed  to 
factors,  such  as  retained  solvent,  high  acid  functionality, 
poor  cross-linking,  as  well  as  physical  holes. 

Evidence  for  local  breakdown  is  also  seen  at  earlier  stages 
of  coating  exposure  during  the  time  course  of  certain  elec¬ 
trochemical  measurements  such  as  the  open  circuit  potential 
or  the  pore  resistance  derived  from  global  electrochemical 
impedance  measurements.  An  examination  of  the  time  tra¬ 
jectory  of  these  parameters  frequently  reveals  the  presence 
of  metastable  events  in  which  the  pore  resistance  decreases 
several  orders  of  magnitude  unexpectedly  for  a  short  period 
of  time  and  then  recovers  to  the  original  value  (or  higher). 
This  suggests  the  formation  and  healing  of  a  defect  and  may 
be  one  of  the  sources  of  errors  when  using  traditional  barrier 
property  measurements  as  a  metric  for  long-term  coating 
behavior.  A  discrete  EIS  measurement  of  an  immersed  coat¬ 
ing  at  a  specific  time  could  conceivably  coincide  with  one 
of  these  metastable  breakdown  events  and  skew  the  general 
interpretation  of  the  projected  test  sample  properties. 

Mechanistically,  questions  remain  as  to  the  source  of 
these  defects  and  the  factors  that  control  the  life/death 
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cycle  of  the  metastable  breakdown  events.  It  is  unclear, 
particularly  within  alloy  systems,  whether  the  origins  of 
these  local  breakdown  sites  might  be  associated  with  local 
heterogeneities  within  the  substrate  (e.g.  intermetallics  or 
inclusions),  which  are  known  to  be  responsible  for  the  pit 
initiation  of  certain  alloys  (e.g.  S-phase  in  AA2024-T3). 

The  local  chemical  and  metallurgical  conditions  that  con- 
trol  these  discrete  and  transient  events  are  poorly  understood 
to  date.  From  a  mechanistic  standpoint,  further  understand¬ 
ing  of  the  origin  and  nature  of  organic  coating  failure  will 
require  localized  electrochemical  and  chemical  methods.  A 
local  electrochemical  probe  and  mapping  method  that  can 
systematically  detect,  locate,  and  characterize  these  defects 
will  allow  a  more-detailed  analysis  of  the  factors  that  con¬ 
trol  these  metastable  events  that,  in  turn,  ultimately  control 
the  function  and  service-life  of  organic  coatings. 

From  a  technical  perspective,  it  is  important  for  the  man¬ 
ufacturer  of  either  a  coating  material  or  a  coated  product  to 
determine  if  the  failure  of  a  coated  sample  is  a  result  of:  (i) 
the  intrinsic  chemistry  of  the  coating  system;  (ii)  intrinsic 
chemical  heterogeneities  within  the  resin;  (iii)  surface  con¬ 
taminants  or  heterogeneities  associated  with  the  substrate; 
or  (iv)  extrinsic,  physical  defects  in  the  coating  such  as 
pin-holes,  thinned  regions,  or  entrapped  air  bubbles.  Thus, 
from  a  manufacturing  perspective,  one  would  like  to  know 
why  a  particular  coating  was  rejected,  i.e.  was  the  source  of 
failure  due  to  the  surface  pretreatment,  method  of  applica¬ 
tion,  level  of  cross-linking  agent,  etc.  This  information  can 
conceivably  be  acquired  via  local  electrochemical  measine- 
ments.  With  this  information,  good  coating  chemistries  can 
be  delineated  and  corrective  measures  regarding  application 
procedures,  etc.,  can  be  effectively  implemented  if  this  were 
the  limiting  factor. 

A  wide  variety  of  DC  and  AC  methods  have  been  devel¬ 
oped  in  various  fields  of  science  for  the  in  situ  examina¬ 
tion  of  local  electrochemical  events.  Some  of  these  methods 
include:  scanning  reference  electrode  techniques  [12-14], 
scanning  vibrating  probes  [15-17],  Kelvin  probes  [18-20], 
electrochemical  microscopy  [21-23],  among  other  methods 
[24].  Each  of  these  methods  is  useful  depending  on  the  in¬ 
terface  under  study,  the  type  of  information  desired,  and 
the  measurement  resolution  required.  There  are  also  topo¬ 
graphic  methods  such  as  atomic  force  microscopy  that  can 
be  used  to  investigate  the  surface  morphology  as  opposed 
to  the  electrochemical  voltage  or  current.  This  method  has 
been  applied  to  bare  electrodes  in  solution  [25],  as  well  var¬ 
ious  types  of  organic  coatings  [26-28]. 

When  considering  the  characterization  of  local  electro¬ 
chemical  events  on  coated  metal  substrates,  local  electro¬ 
chemical  impedance  techniques  have  been  a  logical  option 
based  upon:  (i)  the  ability  of  an  AC-based  technique  to 
lower  the  impedance  of  a  dielectric-type  interface  (i.e.  or¬ 
ganically  coated  metal)  by  the  use  of  higher  frequencies; 
and  (ii)  the  ability  to  more  fully  characterize  a  specific 
site  by  the  application  of  a  range  of  excitation  frequencies 
to  develop  an  impedance  spectra.  Local  electrochemical 


impedance  measurements  have  been  made  extensively  on 
uncoated  (i.e.  bare)  substrates  [29-32],  however  it  has 
only  been  more  recently  that  it  has  been  applied  to  coated 
metals  [33-35].  While  local  electrochemical  impedance 
spectroscopy  (LEIS)  can  be  used  to  characterize  any  intrin¬ 
sic  or  extrinsic  defect  that  can  alter  the  dielectric,  electric, 
or  ionic  nature  of  the  coating  material/coating-substrate  in¬ 
terface,  this  paper  will  focus  on  some  of  the  key  findings 
with  regards  to  intrinsic  defects,  i.e.  defects  inherent  within 
a  contiguous  coating.  The  use  of  LEIS  to  examine  a  range 
of  physical  heterogeneities  (i.e,  extrinsic  defects)  in  organ¬ 
ically  coated  alloys  has  been  discussed  previously  [35]. 


2.  Experimental  methods 

2,1.  Local  electrochemical  impedance  measurements 

Local  electrochemical  impedance  mapping  (LEIM)  and 
LEIS  were  performed  using  a  system  fashioned  after 
Lillard  and  coworkers  [33,34].  A  five-electrode  arrangement 
(shown  in  Fig.  1)  was  comprised  of  a  typical  three-electrode 
arrangement  (working  electrode,  counter  electrode,  and  ref¬ 
erence  electrode)  used  to  control  the  DC  potential  and  excite 
the  interface  potentiostatically  with  an  AC  signal,  while 
two  micro-reference  electrodes  was  used  to  detect  the  lo¬ 
cal  potential  gradient  in  solution  above  the  sample  surface. 
The  DC  potential  and  AC  excitation  of  the  coated  samples 
were  established  with  a  Schlumberger  1286  electrochemical 
interface  and  Schlumberger  1255  HF  frequency  response 
analyzer  (FRA)  which  were  under  computer  control  using 
in-house  software. 

The  split  micro-reference  electrode  design  used  to 
measure  the  local  potential  gradient  consisted  of  two 
Teflon-coated  chloridized  silver  wires  (0.125  mm  diameter) 
having  a  vertical  separation  between  the  tips  of  1.5  mm 


Fig.  1.  Schematic  of  five-electrode  configuration  used  to  acquire  LEIS 
data.  Current  (dashed)  and  potential  (solid)  lines  associated  with  a  local 
defect  are  shown. 
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(center-to-center).  This  design  differs  from  the  methods 
used  by  others  [36,37]  in  which  a  vibrating  platinum  elec¬ 
trode  is  used  to  acquire  the  local  potential  and  current 
data.  The  vibrating  platinum  electrode  approach  may  have 
advantages  from  the  standpoint  of  spatial  resolution  and 
minimum  corruption  by  dispersion  effects  [37].  However, 
this  approach  is  limited  in  sampling  frequency  by  the 
electrode  vibration  frequency  selected,  suffers  from  the  in¬ 
herent  “reference”  electrode  instability  characteristic  of  a 
non-reference  electrode  material  (i.e.  platinum),  and  intro¬ 
duces  solution  convection  by  the  vibration  of  the  electrode. 

At  any  given  location,  the  potential  difference  between  the 
probes  was  increased  by  a  factor  of  100  through  the  use  of 
a  high  input  impedance  instrumentation  amplifier  (10^^  ^2, 
G  —  100).  The  amplified  probe  voltage  was  then  input  into 
the  current  channel  of  the  FRA  for  subsequent  impedance 
analysis.  The  probe  potential  difference  was  converted  to  a 
current  density  using  the  relationship 


where  AF  is  the  potential  difference  measured  between  the 
probes,  k  the  solution  conductivity,  A:c  the  vertical  sepa¬ 
ration  distance  between  the  two  micro-reference  electrodes 
and  G  the  gain  of  the  preamplifier  used  to  amplify  the 
“current”  signal  obtained  by  the  voltage-drop  method. 

The  local  impedance  was  mapped  by  fixing  the  probes 
approximately  25  |xm  above  the  sample  surface  and  then 
moving  the  sample.  The  sample  sat  on  a  positioning  table 
comprised  of  a  modified  Teledyne  TAC  model  PR-52  auto¬ 
matic  wafer  probe  with  adjustable  X  and  Y  step  sizes  ranging 
from  25  to  10,000  fim.  The  local  impedance  measurement 
could  consist  of  either  a  frequency  spectrum  taken  at  a  single 
location  (LEIS)  or  a  single-frequency  measurement  taken  at 
discrete  points  and  mapped  over  an  area  (LEIM).  The  ex¬ 
citation  frequency  was  selected  to  optimize  the  difference 
between  a  defective  and  non-defective  region  in  the  coating 
or  to  optimize  the  signal-to-noise  ratio  in  the  measurement. 
This  criterion  was  satisfied  at  different  frequencies  depend¬ 
ing  on  the  particular  experiment  and  ranged  between  100 
and  1000  Hz.  A  typical  LEI  map  consisted  of  plotting  the 
magnitude  of  the  admittance,  rather  than  impedance,  sim¬ 
ply  for  the  aesthetic  ease  of  observing  defect  sites  as  peaks 
rather  than  valleys. 

2.2.  Materials 

Samples  of  AA2024-T3  were  cut  from  1  mm  thick  sheet 
into  6.5  cm  x  6.5  cm  panels.  The  samples  were  cleaned 
in  a  four-step  procedure:  Alconox®  scrub,  ultrasonically 
cleaned  in  hexane  for  10  min,  acetone  rinse,  followed  by  an 
isopropanol  rinse.  The  samples  were  left  to  air  dry  under 
ambient  conditions. 

Cleaned  aluminum  samples  were  coated  with  various  neat 
resins.  No  surface  pretreatment  (e.g.  conversion  coating)  was 
used.  Initial  experiments  were  performed  on  samples  coated 


with  vinyl  VYHH,  a  copolymer  of  polyvinyl  chloride  and 
polyvinyl  acetate.  Polyurethanes  of  different  soft  segment 
chemistry,  i.e.  varied  ratios  of  polyether  and  polyester,  were 
also  examined.  These  coatings  consisted  of  a  polyurethane 
composed  of  100%  polyether  and  a  polyurethane  composed 
of  50%  polyether  and  50%  polyester.  Each  resin  formula¬ 
tion  was  mixed  with  isocyanate  (3.2  g  ether/4  g  isocyanate), 
a  dibutyl  tin  dilaurate  catalyst  and  methyl  ethyl  ketone  sol¬ 
vent  (1  cm^).  A  third  polyurethane  was  also  examined  and 
consisted  of  a  two-part  polyester  polyurethane  mixed  with 
butyl  cellusolve,  and  represents  the  resin  used  in  commer¬ 
cial  polyurethane  primers. 

All  coatings  were  spin  cast  onto  the  cleaned  samples  to  a 
dry  coating  thickness  of  5-10  fim.  Samples  were  dried  in  a 
dessicator  for  at  least  36  h  after  coating  application,  before 
exposure  to  corrosive  environments. 

Glass  cylinders  with  an  inner  diameter  of  4.3  cm  were 
fixed  to  the  coated  substrate  using  silicone  rubber  adhesive 
sealant  (GC  Electronics,  Rockford,  IL)  to  create  a  reservoir 
for  test  electrolyte.  This  provided  a  14.5  cm^  exposure  area. 
Most  experiments  were  made  using  0.6  M  NaCl  solution,  al¬ 
though  0.1  M,  or  more  dilute  solutions  of  NaCl,  KCl,  NaS04 
and  K2SO4  were  also  used  in  specific  cases.  All  chemicals 
were  reagent  grade.  All  solutions  were  quiescent  and  at  am¬ 
bient  temperature. 

3.  Results  and  discussion 

3.1.  Different  types  of  failure  sites  are  observed  [38] 

Several  types  of  corrosion  sites  on  the  coated  aluminum 
alloy  substrates  were  observed.  These  sites  differed  in  both 
electrochemical  behavior  and  physical  attributes. 

One  striking  difference  between  these  defects  as  seen 
in  later  stages  of  development  was  their  visual  color.  For 
reasons  of  convenience,  the  defects  will  be  referred  to  by 
their  color,  even  though  in  the  early  stages  of  development 
the  color  may  not  be  observable.  When  using  VYHH  resin, 
two  later-stage  defect  types,  having  either  a  reddish  or 
black  color,  were  commonly  observed.  The  black  blister 
sites  were  essentially  round  with  diameters  of  ca.  l“*2mm 
attained  within  2-7  days  of  exposure.  The  red  blister  sites 
were  irregularly  shaped  with  a  size  of  1-7  mm  attained 
within  1-2  days  of  exposure. 

LEIM  was  performed  on  examples  of  both  of  these 
defect  types  at  early  stages  of  development  prior  to  the 
development  of  a  visible  colored  blister.  The  results  are 
shown  in  Fig.  2.  It  is  evident  from  the  admittance  surface 
plots  that  the  sites  that  eventually  evolve  into  red  blisters 
show  a  significantly  higher  admittance  peak  than  the  site 
that  eventually  becomes  the  black  blister.  This  suggests 
that  higher  currents  are  emanating  from  the  red  blister. 
The  electrochemical  character  was  confirmed  with  LEIS. 
Fig.  3  reveals  that  the  red  pre-defect  site  has  a  lower  polari¬ 
zation  resistance,  again,  indicating  higher  electrochemical 
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Fig.  2.  Comparison  of  LEI  maps  for  red  (left)  and  black  (right)  defects  beneath  a  vinyl  coating  on  AA2024-T3  after  35  h  exposure  to  0.6  M  NaCI. 


activity.  The  site  that  eventually  becomes  the  black  blis¬ 
ter  defect  was  lower  in  admittance  and  had  a  higher  po¬ 
larization  resistance  (as  shown  in  Fig.  3)  as  intuitively 
expected. 

Subsequent  chemical  analysis  of  the  solutions  that  devel¬ 
oped  inside  of  the  red  and  black  blisters  revealed  that  the  pH 
within  the  red  sites  was  very  low  (pH  =  3-5),  while  the  pH 
inside  of  the  black  blisters  was  significantly  higher  (pH  = 
8-11).  Upon  ionic  analysis  via  capillary  electrophoresis 
(CE)  [38],  the  red  blister  solution  contained  significant 
amounts  of  Cu^"^,  Al^"*"  and  Mg^“^,  acetate  and  formate.  The 
cations  present,  along  with  the  reddish  color,  suggest  the 
involvement  of  the  S-phase  [39]  (A^CuMg)  which  interest¬ 
ingly  has  the  same  elemental  content,  although  not  the  same 
stoichiometry  as  the  blister  solution.  Rigorous  analysis  of 
the  carrier  solutions  used  in  CE  analysis  did  not  reveal  the 
presence  of  acetate  or  formate  ions.  Thus,  the  acetate  and  for¬ 
mate  are  believed  to  have  originated  from  the  polyurethane 
coating  itself.  Acetate  was  also  observed  in  low  pH  solutions 
contacting  freestanding  polyurethane  films.  Similar  analyses 
of  solutions  beneath  vinyl  coatings  did  not  reveal  the  pres- 
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Fig.  3.  Comparison  of  red  and  black  defects  in  the  complex  impedance 
plane  during  early  stages  of  development  using  LEIS.  Note  the  lower 
f>olarization  resistance  for  the  red  site  than  for  the  black  site. 


ence  of  these  organics.  These  results  are  consistent  with  the 
possibility  that  ester  linkages  within  the  polyurethane  coat¬ 
ing  have  undergone  hydrolysis,  while  the  saturated  bonds  of 
the  vinyl  resin  remain  stable.  Hydrolysis  of  the  polyurethane 
above  the  red  blister  sites  could  be  catalyzed  by  the  low 
pH  as  well  as  the  ionic  content  of  this  blister  solution.  This 
observation  raises  the  possibility  that  the  underfilm  solution 
chemistry,  which  has  a  composition  determined  initially  by 
the  exterior  environment  and  substrate  electrochemistry,  fur¬ 
ther  degrades  the  organic  coating,  thus  creating  a  potential 
feedback  effect.  It  is  also  possible  that  a  chemical  hetero¬ 
geneity  present  in  the  initial  unexposed  coating  provided 
the  original  initiation  site  and  allowed  the  ingress  of  specific 
ions  (e.g.  chlorides)  to  initiate  the  corrosion  process.  It  is 
important  to  note  that  red  blisters  contained  high  chloride 
levels,  while  black  blisters  contained  low  chloride  levels. 

i.2.  Different  regions  of  activity  within 
a  single  defect  [38] 

Continuous  observation  of  a  single  red  blister  revealed  an 
interesting  trend.  Generally,  one  or  more  lobes  grew  from 
the  original  blister  area  during  long-term  exposure.  These 
secondary  lobes  appeared  to  have  a  darker  color  than  the 
initiation  site.  The  electrochemical  activity  of  the  different 
regions  was  measured  using  LEIM.  The  region  mapped  is 
shown  along  with  the  LEIM  plot  in  Fig.  4.  Interestingly,  the 
initial  blister  site  contained  a  high-admittance  site  within  it, 
possibly  representing  the  site  of  initial  electrolyte  ingress. 
The  secondary  lobes  had  much  lower  admittances,  and  were 
thus  less  active.  Correspondingly,  local  open  circuit  poten¬ 
tial  values  acquired  via  the  use  of  micro-electrodes  inserted 
beneath  the  coating  revealed  that  the  initial  lobe  had  a  more 
active  potential.  The  open  circuit  potential  at  the  site  of  ini¬ 
tiation  was  “0.66Vsce»  whereas  the  open  circuit  potential 
within  the  secondary  lobe  was  — 0.58Vsce-  Subsequent  au¬ 
topsy  of  this  sample  revealed  that  significant  pitting  occurred 
beneath  the  active  region  (initial  lobe  —  higher  admittance), 
while  the  less  active  region  was  the  segment  representing 
the  advancing  front  of  the  filiform.  This  is  in  contrast  to 
the  classic  thinking  of  advancement  of  filiform  by  anodic 
processes. 
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Fig.  5.  LEIM  of  a  local  defect  as  a  function  of  time.  Note  the  low  admittance  (high  impedance)  at  initial  stages,  as  well  as  fluctuations  in  peak  height 
as  a  function  of  time.  Sample  is  a  50/50  polyether-polyester  polyurethane  on  AA2024-T3  in  0.6  M  NaCI. 
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3.3,  Confirmation  of  a  growth/death  cycle  in 
an  intrinsic  defect  [40] 

In  addition  to  locating  defects  in  early  stages  of  devel¬ 
opment  and  identifying  different  types  of  defects,  LEIM 
has  been  used  to  monitor  the  time  evolution  of  an  intrinsic 
defect  in  a  50/50  polyether-polyester  polyurethane-coated 
AA2024-T3  sample.  Fig.  5  shows  the  time  course  of  a 
blister  on  polyurethane-coated  AA2024-T3  from  an  early 
non- visible  stage  (24  h)  to  later  actively  corroding  stages. 
Several  interesting  features  are  observed:  (1)  the  initial  de¬ 
crease  in  admittance  in  the  earliest  stage  of  observation  (to 
24  h);  (2)  a  decrease  in  admittance  of  the  blister  seen  by  the 
lower  peak  at  48  h;  (3)  the  rapid  rise  in  peak  height  at  52  h. 
These  features  represent  significant  insight  into  the  evolution 
of  underfilm  corrosion  events  assuming  that  the  data  is  not 
corrupted  by  measurement  artifact.  Possible  contributors  to 
artifact  include  instability  of  the  reference  electrode  and  fre¬ 
quency  dispersion.  Frequency  dispersion  is  a  term  that  refers 
to  deviations  from  ideal  results  due  to  non-uniform  current 
distribution.  These  factors  have  been  ruled  out  [40],  hence 


the  present  wisdom  is  to  interpret  the  observed  changes 
LEIM  data  as  legitimate  changes. 

The  changes  in  local  pH  of  the  underfilm  solution  in  this 
blister  correspond  to  LEIM  peak  height  and  thus  discounts 
the  hypothesis  that  biphasic  water  uptake  of  the  coating 
causes  the  variation  in  the  peak  height.  Preliminary  EIS  stud¬ 
ies  performed  on  free-polymer  films  of  neat  resins  revealed 
that  the  majority  of  water  uptake  occtirs  within  the  first  1-2  h 
of  immersion.  It  is  evident  from  Fig.  5  that  the  changes  in 
peak  height  occur  after  this  point  in  time.  It  should  be  noted, 
however,  that  changes  in  peak  height  during  the  first  l--2h 
of  immersion  could  very  likely  be  affected  by  the  changes  in 
the  coating  due  to  water  uptake  and  plasticizing  of  the  resin. 
It  is  thus  believed  that  changes  in  peak  height  of  admittance 
maps  in  Fig.  5  result  from  actual  metastable  electrochemical 
events  associated  with  the  blister  defect. 

Several  theories  have  been  proposed  to  explain  the  ad¬ 
mittance  dip  in  early  stages  [40],  a  phenomenon  observed 
numerous  times.  Assuming  that  the  high  initial  impedance 
(lower  admittance)  is  indeed  reflective  of  physical  events 
(and  not  artifact),  three  possible  explanations  are  proposed. 


Fig.  6.  LEI  maps  of  an  intrinsic  defect  within  an  epoxy  coating  on  a  99.999%  gold  substrate  in  0.6  M  NaCl.  Note  the  metastable  time  evolution  of  this 
defect. 
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A  heterogeneity  in  the  coating  that  exhibits  a  higher 
impedance  than  the  film  in  general  could  be  a  site  where 
a  blister  initiates.  While  the  initiation  of  blisters  at  coating 
heterogeneities  has  been  observed,  this  explanation  is  not 
considered  plausible  in  this  particular  case  because  unevent¬ 
ful  “flat”  admittance  maps  preceded  the  dips.  An  admittance 
dip  due  to  an  extrinsic  coating  heterogeneity  resulting  from 
application  or  handling  would  likely  be  present  in  the  LEIM 
before  a  blister  had  initiated.  It  was  hypothesized  that  water 
nucleation  occurring  at  the  initiation  site  could  cause  a  local 
decrease  in  the  admittance.  Impedance  values  were  calcu¬ 
lated  for  two  possible  equivalent  circuit  representations  of 
the  water  layer  [40],  and  it  was  concluded  by  the  results 
that  water  nucleation  could  indeed  cause  the  20  Q  increase 
in  impedance.  The  accumulation  of  corrosion  product  could 
also  be  the  origin  for  the  decreased  admittance.  At  this 
time,  the  accumulation  of  a  resistive  product  is  considered 
the  most-plausible  explanation  of  the  admittance  dips. 

3,4.  Is  the  origin  of  corrosion  within  the  coating 
or  within  the  substrate 

One  of  the  principle  reasons  for  performing  localized 
chemical  and  electrochemical  measurements  is  to  determine 
the  origin  of  coating  failure.  In  order  to  de-couple  the  effects 
of  the  substrate  from  the  measurement,  one  should  theoret¬ 
ically  perform  LEIM  on  a  free  film.  Due  to  the  complexity 
of  producing  a  free  film  without  the  introduction  of  extrin¬ 
sic  defects,  the  author  chose  to  examine  a  neat  resin  (epoxy) 
cast  on  a  99.999%  gold  substrate.  Fig.  6  reveals  not  only 
that  an  intrinsic  defect  appears  to  exist  within  the  coating, 
but  also  it  demonstrates  metastable  behavior  similar  to  the 
coated  aluminum  alloy.  This  further  confirms  the  need  to 
rule  out  all  possible  source  of  artifact  to  provide  the  high¬ 
est  confidence  in  data.  Studies  are  in  progress  to  model  the 
electric  field  and  current  distribution  associated  with  a  disk 
electrode  possessing  a  dielectric  layer. 

4.  Summary  and  conclusions 

Local  electrochemical  impedance  mapping  and  spec¬ 
troscopy  provides  an  invaluable  tool  for  the  investigation 
of  local  electrochemical  events.  The  AC-based  nature  of 
impedance  makes  it  particularly  suited  for  the  examina¬ 
tion  of  local  events  associated  with  organically  coated 
substrates.  This  method  has  been  shown  to  easily  observe 
extrinsic-type  defects  associated  with  processing  and  man¬ 
ufacture.  LEIM/S  has  also  been  used  to  observe  for  the 
first  time,  evidence  for  individual  intrinsic-coating  defects. 
These  defects  show  a  non-intuitive  admittance  dip  in  the 
early  stages  of  development  which  may  be  attributable  to 
water  nucleation  at  the  metal/coating  interface  or  to  the 
development  of  a  resistive  corrosion  product.  In  addition, 
some  observed  defects  demonstrate  metastability  which 
is  supportive  of  previous  findings  of  metastability  within 


global  EIS  measurements  of  coated  alloys.  Initial  LEIM 
studies  of  coated  gold  indicate  that  the  origin  of  these  de¬ 
fects  may  be  within  the  coating,  however  the  importance 
of  the  substrate  and  underfilm  chemistry  that  develops  can¬ 
not  be  overstated.  Evidence  for  the  underfilm  attack  of  the 
coating  by  acidic  blister  solutions  has  been  shown. 
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Another  interesting  and  unexpected  result  from  LEIM  studies  of  early  stages  of 
defect  development  was  that  the  earliest  observations  of  initial  defects  began  with  a 
decrease  in  the  admittance  magnitude  relative  to  the  background.  An  example  of  this  is 
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Probing  Coating  Degradation  on  AA2024-T3  Using  Local 
Electrochemical  and  Chemical  Techniques 

A.  M.  Mierisch,*  J.  Yuan,  R.  G.  Kelly,**  and  S.  R.  Taylor**  * 

Center  for  Electrochemical  Science  and  Engineering,  Department  of  Materials  Science  and  Engineering,  University  of  Virginia, 
Charlottesville,  Virginia  22903,  USA 


The  local  electrochemical  and  chemical  characteristics  of  intrinsic  breakdown  sites  on  organically  coated  aerospace  alloys  were 
investigated.  Local  electrochemical  impedance  spectroscopy  and  mapping  were  used  in  conjunction  with  capillary  electrophoresis, 
local  pH,  and  local  open-circuit  potential  measurements  to  classify  the  electrochemical  activity  and  chemical  properties  of  indi¬ 
vidual  failure  sites  on  organic  coated  AA  2024-T3  exposed  to  an  aqueous  environment.  Panels  coated  with  vinyl  or  polyurethane 
and  exposed  to  chloride  solutions  were  examined.  Several  different  types  of  blister  sites,  both  active  and  passive,  were  observed 
and  characterized.  A  strong  correlation  was  observed  between  the  underfilm  chemical  characteristics,  the  electrochemical  imped¬ 
ance,  and  the  visual  appearance  of  the  blisters.  Evidence  suggestive  of  hydrolysis  of  the  polyurethane  coating  was  found  during 
the  propagation  of  coating  defects. 
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The  service  life  of  an  organic  coating  on  a  metal  substrate  is  deter¬ 
mined  by  variables  associated  with  the  environment,  the  coating,  the 
substrate,  and  the  interphasial  chemistry  that  develops  between  the 
substrate  and  the  coating.  Although  our  basic  understanding  of  the 
corrosion  and  materials  issues  within  each  of  these  regions  is  increas¬ 
ing,  our  understanding  of  the  interactions  among  them  and  how  these 
interactions  lead  to  failure  is  limited.  This  gap  in  understanding  is,  in 
part,  associated  with  the  need  to  understand  the  origins  of  failure. 
Because  corrosion  failures  on  coated  alloys  initiate  and  grow  from  a 
local  site,  it  is  essential  to  know  whether  heterogeneities  within  the 
coating  material,  substrate  alloy,  or  both  are  controlling  the  initiation 
of  corrosion  events.  An  understanding  of  the  localized  breakdown 
events  of  a  coated  alloy  substrate  will  require  a  description  of  the 
local  chemical  and  electrochemical  events  that  take  place  within  the 
coating  and  at  the  polymer/metal  interface. 

Whereas  the  characterization  of  local  electrochemical  events  on 
bare  metal  surfaces  has  been  widely  investigated,^'^  the  examination 
of  local  events  on  coated  alloys  has  been  less  extensive. It  has 
been  only  recently  that  investigations  of  local  defects  of  coated  alloys 
has  moved  from  the  characterization  of  extrinsic  (i.e.,  man-made) 
defects  to  the  characterization  of  intrinsic  (/>.,  naturally  occurring) 
heterogeneities.  The  use  of  local  electrochemical  impedance  methods 
has  enabled  the  identification  and  monitoring  of  local  breakdown 
processes  of  coatings  on  certain  alloys.  However,  a  more  detailed 
understanding  of  defect  origins  and  growth  characteristics  requires 
information  on  substrate  microstructure  and  surface  chemistry,  as 
well  as  the  underfilm  solution  chemistry  that  develops  at  a  local  site. 

Prior  research  on  the  analysis  of  underfilm  chemistry  has  been 
limited  to  either  pH  determinations  or  to  more  detailed  chemical 
analyses  of  blisters  on  coated  steel  under  cathodic  conditions. 
Acquiring  information  on  the  chemistry  within  these  late  stage  de¬ 
fects  represents  an  important  step  in  the  evolution  of  coatings  re¬ 
search.  Nonetheless,  it  would  be  of  greater  benefit  to  be  able  to  sam¬ 
ple  the  solution  chemistry  of  an  underfilm  corrosion  site  in  its  early 
stages  of  development.  Capillary  electrophoresis  (CE)  is  a  technique 
that  has  shown  feasibility  of  sampling  and  analyzing  extremely  small 
volumes  of  solutions  (eg.,  ca.  30  nL)  from  occluded  corrosion  sites 
to  speciate  and  quantify  the  ions  present.^^'^^  Its  potential  application 
to  analyzing  the  underfilm  chemistry  beneath  early  stage  blisters  has 
been  explored  in  the  present  study. 

This  investigation  was  an  initial  venture  into  understanding  the 
breakdown  of  organic  coatings  on  an  aerospace  alloy,  AA2024-T3, 
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through  the  characterization  of  the  local  electrochemical  and  chem¬ 
ical  changes  at  the  local  sites.  Information  on  the  location  and  elec¬ 
trochemical  nature  of  these  defects  along  with  the  interfacial  chem¬ 
istry  that  develops  beneath  the  coating  is  an  essential  step  in  under¬ 
standing  the  events  which  lead  to  the  deterioration  of  organic  coat¬ 
ings  on  alloy  substrates. 

Experimental 

Materials. — Samples  of  AA  2024-T3  were  cut  from  1  mm  thick 
sheet  into  6.5  X  6.5  cm  panels.  The  samples  were  cleaned  in  a  four- 
step  procedure.  First  they  were  scrubbed  with  Alconox®  in  high  puri¬ 
ty  water  (18  MO  cm),  then  ultrasonically  cleaned  in  hexane  for  5- 
10  min.  Any  inks  used  for  identification  purposes  were  then  removed 
with  acetone,  and  finally,  any  residues  were  removed  with  iso¬ 
propanol.  The  samples  were  left  to  air  diy  under  ambient  conditions. 

Cleaned  aluminum  samples  were  coated  with  various  neat  resins. 
No  surface  pretreatment  was  performed  (e.g.,  conversion  coated).  Ini¬ 
tial  experiments  were  performed  on  samples  coated  with  Vinyl  VYHH, 
a  copolymer  of  polyvinyl  chloride  and  polyvinyl  acetate.  Polyure¬ 
thanes  of  different  soft  segment  chemistry,  i.e.,  varied  ratios  of  poly¬ 
ether  and  polyester,  were  also  examined.  These  coatings  consisted  of 
a  polyurethane  composed  of  100%  polyether  and  a  polyurethane  com¬ 
posed  of  50%  polyether  and  5Q%  polyester.  Each  resin  formulation 
was  mixed  with  isocyanate  (3.2  g  ether/4  g  isocyante),  a  dibutyl  tin 
dilaurate  catalyst  and  methyl  ethyl  ketone  solvent  (1  cm^).  A  third 
polyurethane  was  also  examined,  consisting  of  a  two-part  polyester 
polyurethane  mixed  with  butyl  cellosolve,  and  represents  the  resin 
used  in  commercial  polyurethane  primers. 

All  coatings  were  spin  cast  onto  the  cleaned  samples  to  a  dry 
coating  thickness  of  5-10  )xm.  Samples  were  dried  in  a  dessicator  for 
at  least  36  h  after  coating  application  before  exposure  to  corrosive 
environments. 

Glass  cylinders  with  an  inner  diameter  of  4.3  cm  were  fixed  to 
the  substrate  using  silicone  rubber  adhesive  sealant  (GC  Electronics, 
Rockford,  IL),  creating  a  reservoir  for  test  electrolyte.  This  provided 
a  14.5  cm^  exposure  area.  Most  experiments  were  made  using  0.6  M 
NaCl  solution,  although  0.1  M  or  more  dilute  solutions  of  NaCl, 
KCl,  NaS04,  and  K2SO4  were  also  used  in  specific  cases.  All  chem¬ 
icals  were  reagent  grade.  All  solutions  were  quiescent  and  at  ambi¬ 
ent  temperature. 

Electrochemical  test  methods. — ^Local  electrochemical  impedance 
(LEI)  measurements  were  made  using  a  LEI  probe  developed  in-house 
after  the  original  design  of  Lillard  et  al.^  and  enhanced  for  investigat¬ 
ing  various  physical  and  chemical  coating  defects.^’^"*'^^  The  method 
uses  a  five-electrode  configuration.  A  diagram  of  the  probe  configura¬ 
tion  is  shown  in  Fig.  1 .  Potentiostatic  polarization  was  achieved  with  a 
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Standard  three-electrode  configuration,  and  the  local  potential  was 
measured  between  two  vertically  displaced  Ag/AgCl  microreference 
electrodes  each  125  pm  in  diam.  This  local  potential  was  amplified 
and  scaled  to  the  local  current  density  using  Ohm’s  law  and  the  known 
solution  conductivity.  A  frequency  response  analyzer  (FRA)  compared 
this  local  current  density  to  the  excitation  voltage  and  the  resulting 
local  impedance  was  calculated.  Although  the  local  current  density 
was  compared  to  a  global  voltage,  the  250  pm  diam  Ag/AgCl  refer¬ 
ence  electrode  used  to  obtain  the  global  voltage  was  typically  less  than 
1  mm  horizontally  and  1(X)  pm  from  the  site  under  study.  The  poten¬ 
tial  and  excitation  frequencies  were  established  with  a  Solartron  1286 
electrochemical  interface  and  a  Solartron  1255  HF  FRA,  respectively, 
both  under  computer  control.  A  10  mV  sine  wave  excitation  was  typi¬ 
cally  applied  with  frequency  depending  on  the  specific  experiment. 
The  most  invaluable  asset  to  this  technique  is  that  nondestructive 
assessment  of  the  local  interfacial  impedance  could  be  made  in  situ. 

The  LEI  probe  was  operated  in  two  modes.  In  the  first  mode, 
referred  to  as  local  electrochemical  impedance  mapping  (LEIM),  the 
excitation  frequency  was  fixed  as  the  probe  was  stepped  across  a 
designated  area  of  the  sample  surface.  Prior  testing  had  determined 
700  Hz  to  be  an  optimum  frequency  for  mapping.  The  local  current 
density  was  measured  at  each  position  and  the  calculated  local 
admittance  magnitude  (inverse  of  impedance  magnitude)  was  plot¬ 
ted  as  a  function  of  x,  y  position.  Admittance  was  plotted  rather  than 
impedance  so  that  areas  of  increased  electrochemical  activity  gener¬ 
ally  appeared  as  peaks.  The  positioning  stage  consisted  of  a  Tele¬ 
dyne  TAC  model  PR-52  automatic  wafer  probe  with  adjustable  x  and 
y  direction  stepping  motors,  which  moved  the  substrate  in  controlled 
steps  while  holding  the  probe  fixed.  Step  size  was  adjustable  from  25 
to  25,(X)0  pm. 

In  the  second  mode,  local  electrochemical  impedance  spectros¬ 
copy  (LEIS),  the  substrate  is  fixed  in  position  so  that  the  electrodes 
are  suspended  directly  above  the  electrochemical  region  of  interest, 
and  the  excitation  frequency  is  swept  through  a  spectrum,  usually 
ranging  from  1  Hz  to  3  kHz.  The  upper  range  is  limited  to  ca. 
2-3  kHz,  most  likely  as  a  result  of  the  instmmentation  amplifier  used 
to  boost  the  signal  from  the  microreference  electrodes.  Results  are 
generally  plotted  in  the  standard  Nyquist  and/or  Bode  formats. 

Capillary  electrophoresis,  which  speciates  ions  based  on  their  dif¬ 
fering  mobilities  in  an  applied  electric  field, was  used  to  exam¬ 
ine  the  ionic  content  of  underfilm  solution.  Analysis  of  ionic  content 
can  be  made  using  nanoliter  volumes  of  solution.  Bulk  solution  was 
removed  briefly  from  the  cell  and  solution  from  inside  the  blister  was 
drawn  using  a  World  Precision  Instruments  model  UMP  microinjec¬ 
tion  syringe  system.  The  microsyringe  can  extract  volumes  as  small 


Figure  1.  Schematic  of  five-electrode  configuration  used  to  acquire  LEIS 
data.  Note  current  lines  (dashed)  and  local  field  lines  (solid)  associated  with 
local  defect 


as  52  pL.  Generally  between  300  and  1500  nL  of  solution  were  drawn 
and  then  diluted  for  use  in  CE  analysis.  In  this  way,  even  very  small 
blisters  still  in  early  stages  could  be  analyzed.  However,  it  should  be 
noted  that  because  the  syringe  breached  the  film,  this  technique  did 
not  allow  for  further  in  situ  testing.  Analyses  were  made  using  sever¬ 
al  electrolytes  in  order  to  detect  all  species  of  possible  interest. 
Details  of  the  CE  analysis  methods  can  be  found  elsewhere.^® 

The  local  pH  and  open-circuit  potential  were  also  measured  in¬ 
side  blister  sites.  A  calibrated  Ir/Ir02  electrode  was  used  to  measure 
the  local  pH  inside  the  blisters,  and  a  Ag/AgCl  electrode  was  used  in 
conjunction  with  a  standard  reference  electrode  to  measure  the  local 
open-circuit  potential  (OCP)  inside.  Each  electrode  had  a  250  jxm 
diam  tip  and  both  measurements  can  be  made  in  blisters  as  small  as 
1  mm.  To  make  the  measurements,  the  combination  Ir/Ir02  and 
Ag/AgCl  microelectrode  was  used  to  pierce  a  blister  on  a  sample 
from  which  the  bulk  electrolyte  had  been  removed. 

Scanning  electron  microscopy  (SEM)  was  used  in  conjunction 
with  energy  dispersive  spectroscopy  (EDS)  to  examine  the  surface 
features  of  substrate  corrosion  and  to  analyze  the  elemental  content 
of  different  regions  of  the  corroded  area.  An  accelerating  potential  of 
20  kV  and  a  probe  current  ranging  from  3  X  10"^  ‘  to  1  X  10“^^  A 
were  used. 


Results  and  Discussion 

Classification  and  comparison  of  failure  sites. — Several  types  of 
corrosion  sites  on  the  coated  substrate  system  were  observed  which 
differed  in  both  electrochemical  behavior  and  physical  attributes.  One 
striking  difference  between  many  of  the  defects  at  later  stages  of 
development  was  their  color.  For  this  reason  defects  will,  for  conve¬ 
nience,  often  be  referred  to  throughout  this  paper  by  their  color. 
When  using  VYHH  resin,  two  later-stage  defect  types,  having  either 
a  reddish  or  black  color,  were  commonly  observed.  The  black  blister 
sites  were  essentially  round  with  diameters  of  ca.  1-2  mm,  attained 
within  2-7  days  of  exposure.  The  red  blister  sites  were  irregularly 
shaped  with  a  size  of  1-7  mm,  attained  within  1-2  days  of  exposure. 

LEIM  was  performed  on  examples  of  both  of  these  blisters  and 
the  results  are  shown  in  Fig.  2.  It  is  evident  from  the  surface  plots 
that  the  red  blister  showed  a  significantly  higher  admittance  peak 
than  the  black,  suggesting  that  higher  currents  were  emanating  from 
the  red  blister.  The  electrochemical  character  was  confirmed  with 
LEIS,  performed  on  similar  defect  sites  when  they  were  in  an  earli¬ 
er  (microscopic)  stage  of  development.  Figure  3  shows  a  lower 
polarization  resistance  for  the  “red”  site,  again  indicating  higher 
electrochemical  activity  at  the  future  red  blister  site.  It  is  also  inter¬ 
esting  to  note  the  lower  admittance  surrounding  the  peak  in  the  LEI 
map  of  the  black  blister. 

Observation  of  both  blisters  before  and  after  coating  removal 
under  a  stereomicroscope  indicated  that  more  severe  corrosion  had 
taken  place  at  the  red  sites.  This  attack  was  accompanied  by  active 
hydrogen  evolution,  observed  within  the  blister  prior  to  coating  re¬ 
moval  and  by  markedly  deeper  pits,  observed  after  the  coating  was 
removed.  Figure  4  shows  an  SEM  micrograph  with  an  example  of  a 
pit  formation  at  a  red  blister  site  where  the  coating  has  been  re¬ 
moved.  These  findings  prompted  the  use  of  supporting  techniques  to 
further  investigate  the  more  active  red  blister  in  particular. 

The  ionic  content  of  the  solution  inside  blister  sites  from  a  vinyl- 
coated  sample  was  analyzed  using  capillary  electrophoresis.  The  red 
blister  solution  typically  contained  Cu’*'^  (0.05  M),  Al'*'^  (0.58  M), 
and  Mg*^^  (0.03  M)  ions,  whereas  the  black  blister  solution  contained 
only  a  small  amount  of  Mg***^  (0.0(X)4  M)  ions.  The  red  color  was  a 
result  of  replated  copper.  The  copper  was  likely  dissolved  from  sec¬ 
ond-phase  particles  that  had  been  physically  displaced  by  the  force  of 
hydrogen  evolution  and  then  oxidized.  Aluminum  and  magnesium 
dissolve  preferentially  firom  the  S  phase  (Al2CuMg),  which, 
interestingly  has  the  same  elemental  content,  although  not  the  stoi¬ 
chiometry  as  the  eventual  blister  solution.  The  origin  of  the  black 
color  in  the  black  blisters  is  as  yet  unknown. 

Previous  investigations  support  the  idea  that  corrosion  of  bare^*'^"^ 
and  coated^^  AA  2024  initiates  at  intermetallics  containing  Al,  Cu, 
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Figure  2.  Comparison  of  LEI  maps  for  red  right  and  black  left  defects  beneath  a  vinyl  coating  on  AA  2024-T3  after  35  h  exposure  to  0.6  M  NaCl.  Note  high¬ 
er  admittance  in  map  for  the  red  site  than  for  the  black. 


and  Mg  and  intermetallics  containing  Al,  Cu,  Mn,  and  Fe.  Each  type 
of  intermetallic  displays  different  corrosion  behavior.^^’^^  Al,  Cu, 
Mg,  and  Al,  Cu,  Mn,  Fe  intermetallics  are  typically  5-20  |xm  in  diam¬ 
eter  and  randomly  distributed  with  variable  separation  distance  aver¬ 
aging  20-50  pim.^^  The  role  of  individual  intermetallics  is  unclear, 
due  in  part  to  two  apparent  inconsistencies.  First,  the  coated  samples 
in  this  study  developed  only  one  or  two  red  (active)  blisters  per  expo¬ 
sure  field  (14.5  cm^),  indicating  that  only  a  small  minority  of  inter¬ 
metallic  particles  would  have  influenced  the  onset  of  the  severe  pit¬ 
ting  sites.  Open-circuit  potential  (OCP)  measurements  have  reveded 
that  the  formation  of  a  red  blister  site  accompanied  by  a  drop  in  the 
OCP  precludes  the  formation  of  additional  red  blister  sites.  It  is  pro¬ 
posed  that  large  protective  cathodic  regions  form  around  these  more 
severe  corrosion  sites,  protecting  the  nonblistered  areas  of  the  sam¬ 
ple.  Second,  a  blister  generally  grew  large  enough  (>1  mm)  to  en¬ 
compass  both  types  of  intermetallics.  Initiation  may  still  have  oc¬ 
curred  at  one  single  particle  site,  but  the  continued  growth  would 
have  to  take  into  account  the  effect  of  additional  particles.  While  cop- 


Figure  3.  Comparison  of  red  and  black  defects  during  early  stages  using 
LEIS.  Note  lower  polarization  resistance  for  the  red  site  than  for  the  black. 


per  and  magnesium  ions  are  found  consistently  within  red-colored 
blisters,  it  is  unclear  how  they  participate  in  subsequent  substrate 
electrochemistry  and  blister  growth. 

The  influence  of  bulk  solution  on  defect  formation  polyurethane 
coating.— Oihtv  experiments  sought  to  determine  how  the  solution 
inside  and  outside  the  blister  influenced  electrochemical  activity  and 
growth.  The  first  of  these  considerations  was  a  preliminary  investiga¬ 
tion  of  the  bulk  solution,  i.e,,  the  chloride  concentration  of  the  immer¬ 
sion  solution.  For  this  and  all  subsequent  experiments,  only  poly¬ 
urethane-coated  samples  were  explored.  The  shift  from  the  VYHH 
resin  was  made  to  more  closely  examine  a  coating  material  that 
would  be  used  in  aircraft.  Black  blisters  were  not  observed  with 
polyurethane  coatings  as  they  were  with  the  vinyl  coatings.  Howev¬ 
er,  the  general  corrosion  performance  of  the  coatings,  as  assessed  by 
visual  observation  of  the  rate  and  number  of  red  site  formation,  was 
found  to  be  comparable.  All  pertinent  experiments  performed  on 
vinyl-coated  panels  were  repeated  on  polyurethane-coated  panels. 
Although  several  different  polyurethane  chemistries  were  examined 
in  this  study,  delineation  in  performance  between  these  chemistries  is 
not  discussed  at  this  time. 


Figure  4.  An  SEM  micrograph  showing  a  red  blister  site  after  coating 
removal.  Note  the  large  pit  area  in  the  upper  left  hand  comer.  This  appears 
shiny  metallic,  while  the  surrounding  area  is  red  in  color. 
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Samples  were  exposed  to  varying  concentrations  of  NaCl.  It 
should  be  noted  that,  although  samples  were  tested  in  NaCl,  red  blis¬ 
ters  were  occasionally  observed  in  other  electrolytes,  e.g.,  KCl, 
Na2S04.  Table  I  summarizes  the  observations  in  the  different  chlo¬ 
ride  concentrations.  The  results  indicate  that  at  higher  chloride  con¬ 
centrations,  attack  was  limited  to  several  (1-3)  isolated  red  blisters 
that  grew  faster  and  larger  compared  to  more  dilute  solutions.  In 
solutions  of  lower  chloride  concentration,  attack  was  typified  by 
small  [ca.  20  jim]  white  corrosion  patches  over  the  entire  sample 
with  a  red  blister  forming  only  occasionally.  Interestingly,  the  sam¬ 
ples  which  were  exposed  to  low  chloride  concentrations  also  devel¬ 
oped  large  clear  blisters  2-8  mm  in  diam. 

As  a  result  of  these  observations,  attention  was  returned  to  the 
environment  inside  the  blisters.  The  local  pH  and  OCP  values  were 
measured  in  the  solution  inside  each  type  of  blister  using  the  Ir/Ir02 
and  Ag/AgCl  electrodes  described  previously.  Figure  5  shows  a  plot 
of  the  OCP  inside  the  various  blisters  vj:.  their  internal  pH.  The  more 
active  sites  had  lower  OCPs  and  acidic  pHs,  whereas  the  more  pas¬ 
sive  sites  (black  and  clear)  had  more  positive  OCPs  and  pHs  that  were 
either  neutral  or  alkaline.  Interestingly,  the  red  blisters  had  an  OCP 
similar  to  that  of  Al2CuMg  on  0. 1  M  KCl.^^  Whereas  LEI  maps  of  red 
blister  sites  showed  increased  electrochemical  activity,  preliminary 
maps  of  clear  blister  sites  did  not,  /.e.,4he  LEI  map  was  flat  across  the 
surface  on  which  clear  blisters  were  present,  indicating  that  current 
was  not  passing  from  these  blister  sites  to  the  counter  electrode. 

Further  CE  testing  was  performed  on  polyurethane-coated  panels 
in  order  to  ensure  that  results  for  this  system  corresponded  with  those 
from  the  vinyl-coated  panels.  The  clear  blisters,  now  identified  as  an 
additional  kind  of  defect,  were  considered  in  these  tests  as  well. 
These  samples  were  immersed  in  KCl  because  the  Na*^  peak  tends  to 
overshadow  any  Mg"^^  peak  during  CE  testing.  The  red  blister  again 
contained  Cu“^^  (0.01  M),  AI^^  (0,075  M),  and  Mg+2  (0.007  M)  ions, 
but  this  time  also  contained  acetate  (0.006  M)  and  formate  (0.015  M). 
The  clear  blisters  contained  a  notably  low  concentration  of  chloride 
ions  (0,005  M)  and  also  contained  acetate  (0.013  M). 

Rigorous  analysis  of  the  carrier  solutions  used  in  CE  analysis  did 
not  reveal  the  presence  of  acetate  or  formate  ions.  Thus,  the  acetate 
and  formate  originated  from  the  polyurethane  coating  itself.  Al¬ 
though  suggestions  have  been  made  that  acetone  as  a  cleaning  agent 
could  account  for  the  presence  of  acetate  in  various  situations, this 
is  not  a  concern  for  the  experiments  described  in  this  paper.  Acetate 
was  observed  in  the  underfilm  solution  in  cases  when  no  acetone  was 
used  in  the  cleaning  process.  In  addition,  acetate  has  been  observed 
in  low  pH  solutions  contacting  freestanding  polyurethane  films  in 
which  no  substrate  was  present.  Similar  analyses  did  not  reveal  the 
presence  of  these  organic  moieties  within  the  solution  beneath  vinyl 
coatings.  These  results  are  consistent  with  the  possibility  that  ester 


Table  I.  Summary  of  the  effects  of  different  chloride 
concentration  in  the  exterior  bulk  solution  on  blister  formation 
and  growth.  All  results  were  obtained  through  visual 
observation.  Growth  rates  were  variable  and  not  necessarily 
continuous.  Rapid  growth  is  estimated  by  1  mm  increase  in 
diameter  over  the  course  of  2-18  h.  Slow  growth  indicates  days 
of  exposure  before  a  1  mm  increase  in  diameter  is  observed. 

Number  per 
sample  area. 
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Figure  5.  Open-circuit  potential  and  occluded  region  pH  of  AA2024-T3 
inside  different  blisters.  The  red  blister  solution  had  a  low  pH  and  an  active 
OCP,  while  the  clear  blister  solution  has  a  high  pH  and  a  passive  OCP.  Note: 
PUEST  represents  a  polyester  based  polyurethane  coating  and  PUETH  a 
polyether  urethane. 


linkages  within  the  polyurethane  coating  have  undergone  hydroly- 
sis,27,28  vvhile  the  saturated  bonds  of  the  vinyl  resin  remain  stable. 
Further,  hydrolysis  of  the  polyurethane  above  red  blister  sites  could 
be  catalyzed  by  the  low  pH  as  well  as  the  ionic  content  of  this  blis¬ 
ter  solution.^^  This  observation  raises  the  possibility  that  the  under¬ 
film  solution  chemistry,  which  has  a  composition  determined  at  a 
minimum  by  the  exterior  environment  and  substrate  electrochem¬ 
istry,  further  degrades  the  organic  coating,  thus  creating  a  potential 
feedback  effect.  To  date,  this  solution  chemistry  has  not  been  quan- 
tifiably  investigated  in  early  stages  of  underfilm  corrosion  except  for 
macroscopic  blisters  on  steel.  It  is  also  possible  that  a  chemical 
heterogeneity  present  in  the  unexposed  coating  provided  the  original 
initiation  site  and  allowed  the  ingress  of  specific  ions  (e.g.,  chlo¬ 
rides)  to  initiate  the  corrosion  process. 

The  importance  of  underfilm  chemistry, — Observation  of  red 
blister  growth  revealed  an  interesting  trend.  Generally,  one  or  more 
lobes  grew  from  the  original  blister  area  during  long-term  exposure. 
These  secondary  lobes  appeared  to  have  a  darker  red  color  than  the 
initiation  site.  An  example  of  this  can  be  seen  in  Fig.  6.  The  electro¬ 
chemical  activity  of  the  different  regions  was  measured  using  LEIM. 
The  region  mapped  is  shown  along  with  the  LEIM  plot  in  Fig.  7. 


0.75  mm 


Figure  6.  Optical  micrograph  of  a  red  blister  site  which  exhibits  an  initiation 
site  and  a  secondary  lobe.  The  lighter  region  to  the  right  was  the  initiation  site 
and  the  darker  lobe  to  the  left  was  a  secondary  lobe. 
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Figure  7.  Optical  micrograph  of  the  actual  region  mapped  by  LEIM  (left)  and  the  corresponding  LEI  map  (right).  Note  higher  admittance  at  the  initiation  site. 


Interestingly,  the  initial  blister  site  contained  a  high  admittance  site 
within  it,  possibly  representing  the  site  of  initial  electrolyte  ingress. 
The  secondary  lobes  had  much  lower  admittances,  and  were  thus 
less  active.  Correspondingly,  local  OCP  values  were  measured  be¬ 
neath  the  coating  and  also  revealed  the  initial  lobe  to  be  more  active. 
The  OCP  value  at  the  initiation  site  was  —0.66  ^sce  whereas  the 
value  at  the  secondary  lobe  was  -0.58  Vg^E. 

A  similar  defect  was  examined  using  SEM  and  EDS.  EDS  spot 
analysis  of  the  substrate  was  performed  on  three  regions  shown  in 
Fig.  8:  (a)  a  site  on  the  substrate  with  no  visible  corrosion,  (b)  the 
initiation  site,  and  (c)  a  secondary  lobe.  The  figure  shows  an  electron 
micrograph  of  the  regions  targeted  by  EDS  and  the  accompanying 
ratios  of  the  compositional  elements  Al,  Cu,  and  Mg  of  the  S  phase 
found  in  the  analysis.  It  is  important  to  note  that  this  analysis  is  not 
quantitative.  However,  ratios  of  elemental  content  are  consistent  for 


A 


B  C 

Figure  8.  SEM  image  of  a  red  blister  site,  after  coating  removal,  where  sec¬ 
ondary  lobes  had  formed.  The  regions  targeted  by  EDS  are  labeled  where  A 
was  an  area  of  the  substrate  which  was  not  affected,  B  was  the  initiation  site, 
and  C  was  a  region  inside  a  secondary  lobe. 


each  spot  analysis.  For  the  sake  of  accuracy,  each  target  region  was 
analyzed  more  than  once  and  several  different  areas  were  analyzed 
both  on  this  particular  sample  and  on  other  similar  samples.  The 
ratios  shown  in  Table  11  typify  the  results  found  in  the  combined 
experiments. 

The  substrate  within  the  region  of  the  secondary  lobe  did  not 
show  significant  differences  in  composition  compared  to  the  sub¬ 
strate  region  beneath  the  intact  coating.  However,  the  initiation  site 
revealed  a  higher  amount  of  Cu  and  a  lower  amount  of  Mg  and  Al, 
which  is  consistent  with  the  dissolution  theories  suggested  for  cop¬ 
per-bearing  intermetallics.^^’^^ 

EDS  analysis  was  performed  on  the  blister  site  previously  shown 
in  Fig.  4  to  further  examine  substrate  surface  composition.  Spot 
analysis  was  performed  in  several  regions  both  inside  the  pit  and  in 
the  blister  region  just  outside  of  the  pit.  Representative  spectra  are 
shown  in  Fig.  9.  A  higher  ratio  of  copper  to  ^uminum  is  clearly  vis¬ 
ible  in  the  region  directly  adjacent  to  the  pit  (>1:2)  compared  to  the 
pit  itself  (<1:4),  suggesting  that  the  initiation  area  itself  can  be  par¬ 
titioned  further  into  regions  with  differing  electrochemical  behavior. 
Major  dissolution  takes  place  within  the  pit  itself,  while  redeposition 
occurs  proximally  to  the  pit  site.  This  result  would  appear  to  support 
theories  made  by  Buchheit  et  al.^^  for  bare  2024  alloy  that  following 
dealloying  of  Al  and  Mg,  copper  is  removed  from  the  pit  region  by 
hydrogen  and  then  redeposited  directly  outside  of  the  pit. 

The  local  OCP,  underfilm  chemistry,  and  elemental  content  of  the 
surface  strongly  suggest  that  copper  bearing  intermetallics  (e.g., 
Al2CuMg)  play  a  role  in  the  initiation  of  severe  underfilm  corrosion 
sites.  LEIM  of  blister  sites  support  the  idea  that  once  initiated,  sub¬ 
sequent  growth  of  these  blister  sites  is  a  strong  function  of  the  under¬ 
film  solution  chemistry  that  evolves.  This  blister  chemistry  is  an 
interactive  function  of  the  substrate  electrochemistry,  the  exterior 
environment,  and  film  chemistry,  although  the  latter  variable  has  not 
been  elucidated  in  the  present  study.  While  this  investigation  has 
examined  corrosion  processes  associated  with  neat  resins  on  bare 


T^ble  n.  Ratios  of  the  elements  Al,  Cu,  and  Mg  (S  phase  = 
Al2CuMg)  found  using  EDS  analysis  of  the  regions  denoted  in 
Fig.  8.  Note  the  higher  relative  amount  of  Cu  in  the  region  of 
initiation  (B). 
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— ►  Energy  (measured  in  keV) 

Figure  9.  EDS  spot  analysis  spectra  for  a  region  within  the  pit  of  Fig,  4  (top) 
and  just  outside  the  pit  (bottom).  Note  the  markedly  higher  amount  of  copper 
just  outside  the  pit  region. 


(Le.y  nonconversion  coated)  aluminum  alloys,  it  has  initiated  a  more 
detailed  approach  to  the  understanding  of  coating  degradation 
processes  through  the  use  of  local  chemical  and  electrochemical 
methods. 

The  effect  of  pH  on  microconstituent  pitting  has  also  been  dis¬ 
cussed  in  the  literature.^^  Pitting  was  found  to  occur  in  solutions 
with  a  pH  ranging  from  3  to  5.8  or  in  alkaline  solutions  up  to  pH  11. 
These  results  reinforce  the  significant  role  of  the  underfilm  chem¬ 
istry  in  coating  degradation  and  support  the  results  found  in  this 
paper.  Once  initiated,  subsequent  progression  of  the  underfilm  cor¬ 
rosion  requires  the  development  of  an  aggressive  chemistry  in  the 
underfilm  region. 

Conclusions 

Several  different  types  of  defects  were  identified  which  can  be 
classified  according  to  their  visual  appearance:  red,  black,  and  clear. 
The  present  work  focused  primarily  on  characterization  of  the  red 
active  blisters. 

1.  Red  blisters  were  shown  through  LEIM,  LEIS,  and  local  OCP 
measurements  to  be  more  electrochemically  active  than  other 
defects. 

2.  The  solution  inside  the  red  blisters  was  found  via  CE  and  local 
pH  measurements  to  be  the  most  aggressive  of  all  the  blister  solu¬ 
tions,  having  a  low  pH  and  an  active  open-circuit  potential.  Signifi¬ 
cant  concentrations  of  Cu"^^,  Al"*"^,  and  Mg"*"^  ions  were  found  in  the 
underfilm  solution  of  the  red  blisters.  Acetate  and  formate  were  also 
present  in  the  solutions  extracted  from  polyurethane-coated  samples, 
suggesting  coating  degradation  had  occurred  via  hydrolysis. 

3.  The  concentration  of  chloride  in  the  bulk  solution  influenced 
the  growth  and  frequency  of  the  active  blister  formation.  A  higher 
bulk  chloride  concentration  yielded  an  earlier  initiation  time,  higher 
occurrence,  a  higher  growth  rate,  and  a  larger  final  size  of  the  blis¬ 
ters.  Low  concentrations  introduced  the  appearance  of  clear  blisters. 
CE  analysis  showed  a  notably  low  chloride  concentration  inside 


these  clear  blisters.  Little  corrosion  attack  was  observed  in  these 
clear  blisters. 

4.  Red  blisters  exhibited  a  trend  of  an  initiation  site  followed  by 
the  growth  of  secondary  lobes.  LEIM  and  local  OCP  measurements 
found  the  initiation  site  to  be  more  electrochemically  active.  EDS  of 
the  substrate  found  that  the  initiation  site  contained  more  Cu  and  less 
Mg  and  A1  than  in  intact  regions.  The  substrate  at  the  secondary 
lobes  showed  no  significant  difference  in  composition  to  unaffected 
regions. 
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ABSTRACT 


Alternative  conversion  coatings  designed  to  replace  chromate 
conversion  coatings  (CCC)  are  typically  compared  to  labora¬ 
tory-prepared  CCC  with  regard  to  stand-alone  corrosion 
performance.  This  study  seeks  to  determine  the  stand-alone 
corrosion  resistance  of  field-applied  CCC  to  establish  a  more 
realistic  benchmark  for  new  nonchromate  conversion  coat¬ 
ings.  Salt  spray  exposure,  wet  tape  adhesion  tests,  and 
measurement  of  electrical  contact  resistance  were  performed 
according  to  the  military  specifications  that  govern  what  con¬ 
version  coatings  are  accepted  for  use  by  the  U.S.  Department 
of  Defense  (DOD)  facilities.  In  addition,  other  analytical  tech¬ 
niques  such  as  electrochemical  impedance  spectroscopy  and 
Auger  electron  spectroscopy  depth  profiling  were  used.  In  an 
initial  study,  all  of  the  field-applied  coatings  onAA2024  (UNS 
A92024),  AA6061  (UNSA96061),  andAA7075  (UNS  A97075) 
displayed  significant  pitting  after  1 68  h  salt  spray  exposure. 
Additionally,  attention  to  pre-cleaning  the  surface  prior  to 
coating  was  found  to  increase  CCC  corrosion  resistance. 

Based  on  the  results  of  the  field-applied  coatings,  a  second 
phase  of  investigation  was  initiated  to  examine  the  effects  of 
coating  time  and  application  method  (spray  vs  immersion)  on 
the  corrosion  resistance  and  paint  adhesion.  This  study  was 
conducted  using  facilities  designed  to  simulate  conditions  in 
an  aircraft  maintenance  depot.  It  was  found  that  spray  and 
immersion  application  produced  coatings  with  equivalent 
performance.  Regardless  of  application  method,  5  min  of  con¬ 
tinuous  exposure  to  solution  was  required  to  obtain  adequate 
coating  weight.  The  results  of  this  study  si^gest  that  a  re- 
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INTRODUCTION 


Conversion  coatings  are  applied  to  metals  in  order  to 
increase  corrosion  resistance  and  increase  adhesion 
of  subsequently  applied  organic  coatings.  A  conver¬ 
sion  coating  is  the  result  of  two  chemical  reactions: 
dissolution  of  the  native  surface  oxide  and  formation 
of  a  more  corrosion-resistant,  inorganic  compound  of 
the  original  metal.* 

Chromate  conversion  coatings  (CCC)  are  the 
most  common  conversion  coatings  applied  to  alumi¬ 
num  aerospace  alloys.  Although  CCC  provide  excel¬ 
lent  corrosion  resistance  and  adhesion,  many  of  the 
chemicals  used  in  the  processing  are  under  strict 
regulation  because  of  their  toxicity.  Epidemiological 
studies  have  established  the  carcinogenicity  of 
hexavalent  chromium.^'^  The  worker’s  health  and 
safety  risks  of  using  chromate-based  conversion 
coatings  are  compounded  by  effluent  disposal  costs.'* 
Thus,  the  health  risks  and  cost  of  producing  CCC 
has  driven  the  development  of  nontoxic,  environmen¬ 
tally  benign  alternatives,  which  have  recently  been 
reviewed  by  Nylund.® 

Presently,  CCC  remain  an  essential  component 
in'effective  corrosion  protection  systems  on  alumi¬ 
num  alloys  for  military  applications.  In  order  for 
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Corrosion  Performance  of  Field-Applied 
Chromate  Conversion  Coatings 

R.B.  Leggat,  S.R.  Taylor,' W.  Zhang,  andR.G.  Buchheit" 


ABSTRACT 


Alternative  conversion  coatings  designed  to  replace  chromate 
conversion  coatings  (CCC)  are  typically  compared  to  labora¬ 
tory-prepared  CCC  with  regard  to  stand-alone  corrosion 
performance.  This  study  seeks  to  determine  the  stand-alone 
corrosion  resistance  of  field-applied  CCC  to  establish  a  more 
realistic  benchmark  for  new  nonchromate  conversion  coat¬ 
ings.  Salt  spray  exposure,  wet  tape  adhesion  tests,  and 
measurement  of  electrical  contact  resistance  were  performed 
according  to  the  military  specifications  that  govern  what  con¬ 
version  coatings  are  accepted  for  use  by  the  U.S,  Department 
of  Defense  (DOD)  facilities.  In  addition,  other  analytical  tech¬ 
niques  such  as  electrochemical  impedance  spectroscopy  and 
Auger  electron  spectroscopy  depth  profiling  were  used.  In  an 
initial  study,  all  of  the  field-applied  coatings  on  AA2024  (UNS 
A92024),  AA6061  (UNSA96061),  andAA7075  (UNSA97075} 
displayed  significant  pitting  after  1 68  h  salt  spray  exposure. 
Additionally,  attention  to  pre-cleaning  the  surface  prior  to 
coatiny  was  found  to  increase  CCC  corrosion  resistance. 

Based  on  the  results  of  the  field-applied  coatings,  a  second 
phase  of  investigation  was  initiated  to  examine  the  effects  of 
coating  time  and  application  method  (spray  vs  immersion)  on 
the  corrosion  resistance  and  paint  adhesion.  This  study  was 
conducted  using  facilities  designed  to  simulate  conditions  in 
an  aircraft  maintenance  depot.  It  was  found  that  spray  and 
immersion  application  produced  coatings  with  equivalent 
performance.  Regardless  of  application  method,  5  min  of  con¬ 
tinuous  exposure  to  solution  was  required  to  obtain  adequate 
coating  weight  The  results  of  this  study  suggest  that  a  re¬ 
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INTRODUCTION 


Conversion  coatings  are  applied  to  metals  in  order  to 
increase  corrosion  resistance  and  increase  adhesion 
of  subsequently  applied  organic  coatings.  A  conver¬ 
sion  coating  is  the  result  of  two  chemical  reactions: 
dissolution  of  the  native  surface  oxide  and  formation 
of  a  more  corrosion-resistant,  Inorganic  compound  of 
the  original  metal.’ 

Chromate  conversion  coatings  (CCC)  are  the 
most  common  conversion  coatings  applied  to  alumi¬ 
num  aerospace  alloys.  Although  CCC  provide  excel¬ 
lent  corrosion  resistance  and  adhesion,  many  of  the 
chemicals  used  in  the  processing  are  under  strict 
regulation  because  of  their  toxicity.  Epidemiological 
studies  have  established  the  carcinogenicity  of 
hexavalent  chromium.’’  ®  The  worker’s  health  and 
safety  risks  of  using  chromate-based  conversion 
coatings  are  compounded  by  effluent  disposal  costs.'' 
Thus,  the  health  risks  and  cost  of  producing  CCC 
has  driven  the  development  of  nontoxic,  environmen¬ 
tally  benign  alternatives,  which  have  recently  been 
reviewed  by  Nylund.® 

Presently,  CCC  remain  an  essential  component 
in -effective  corrosion  protection  systems  on  alumi¬ 
num  alloys  for  military  applications.  In  order  for 
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TABLE  1 

Corrosion- Resistance  Requirements  of  MIL-C-81706 

Corrosion-Resistance 

Treatment 

Aluminum  Alloys  Treated 

Exposure  to  5% 

Properties 

Class 

with  Film-Forming  Materials 

Salt  Spray  (h) 

For  qualification 

1A(*) 

2024-T3.  7075-T6 

336 

3(B) 

6061 -T6 

168 

For  quality 

1A 

2024-T3 

168 

conformance  inspection 

3 

6061 -T6 

168 

Class  1 A  coatings  are  used  for  maximum  protection  against  corrosion. 

Class  3  coatings  are  used  for  protection  against  corrosion  where  low  electrical  (contact)  resistance  is  needed. 


candidate  nonchromate  conversion  coatings  to  gain 
attention  as  viable  candidates  for  use  by  the  U.S. 
Department  of  Defense,  they  must  meet  the  require¬ 
ments  of  two  military  specifications:  MIL-C-81706, 
“Chemical  Conversion  Coatings  for  Coating  Alumi¬ 
num  and  Aluminum  Alloys,”  and  MIL-C-5541, 
“Chemical  Conversion  Coatings  on  Aluminum  and 
Aluminum  Alloys.” 

The  two  aforementioned  specifications  both  gov¬ 
ern  the  same  systems  (i.e.,  chromate  conversion 
coatings  on  aluminum)  but  have  important  differ¬ 
ences  with  regard  to  whether  it  is  the  process  or  the 
end  product  that  is  monitored.  MIL-C-81706  is  a 
“materials”  specification  and  defines  the  characteris¬ 
tics  of  the  conversion  coating  chemistry  including  ap¬ 
pearance  and  properties  of  the  applied  coating.  This 
specification  differentiates  two  classes  of  coatings, 
lA  and  3,  depending  on  the  intended  purpose  of  the 
coating.  Class  lA  coatings  are  used  when  maximum 
corrosion  protection  is  needed,  while  Class  3  coat¬ 
ings  are  used  when  corrosion  protection  and  low 
electrical  contact  resistance  are  needed.  In  addition, 
MIL-C-81706  specifies  two  levels  of  performance  for 
qualification  and  quality  conformance.  To  be  placed 
on  the  Qualified  Products  List  (QPL)  associated  with 
MIL-C-81706  (QPL-81706),  a  product  must  perform 
at  the  qualification  level.  The  quality  conformance 
requirements  are  used  mainly  for  quality  control  and 
lot  inspection.  On  the  other  hand,  MIL-C-5541  is  a 
“process”  specification  and  defines  the  characteris¬ 
tics  of  a  coating  applied  in  a  production  environment. 
This  specification  defines  the  requirements  for  moni¬ 
toring  the  processes  used  in  coating  production  and 
is  independent  of  the  materials  that  are  used.  A  “pro¬ 
cess”  specification  is  typically  used  when  the  proper¬ 
ties  of  the  end  product  are  not  easily  measured.  The 
process  is  controlled  assuming  that  the  product  will 
be  within  specification  as  long  as  the  process  is 
within  its  parameters. 

Under  the  military  specifications,  corrosion  per¬ 
formance  of  conversion- coated  aluminum  is  assessed 
by  exposure  to  5%  salt  spray  according  to  ASTM  B 
117.®  The  corrosion -resistance  requirements  are 
more  rigorous  for  MIL-C-81706  than  MIL-C-5541.  To 
meet  MIL-C-81706  requirements,  no  evidence  of  cor¬ 
rosion  with  the  exception  of  1  /4  in.  of  the  edge  is 


allowed  after  exposure  of  five  panels  for  a  specified 
time.  The  required  exposure  time  varies  depending 
on  the  alloy  and  coating  class  as  shown  in  Table  1 . 
Under  MIL-C-5541,  a  single  panel  can  have  no  more 
than  five  pits  and  no  more  than  a  total  of  15  pits  for 
five  panels  to  meet  the  requirement. 

In  addition  to  corrosion  resistance,  these  two 
military  specifications  also  mandate  adhesion  perfor¬ 
mance,  electrical  contact  resistance,  and  coating 
weight.  Adhesion  of  an  epoxy  primer  and  topcoat  to 
the  conversion  coating  is  satisfactory  for  both  mili- 
taiy  specifications  when  no  intercoat  separation  is 
observed  after  wet  tape  testing  per  Method  6301  of 
Federal  Test  Method  Standard  no.  141.^  Electrical 
contact  resistance  of  <5  mfl-cm'^  for  as-coated  sur¬ 
faces  and  <10  mf2-cm’^  post  salt  spray  exposure  are 
required  by  MIL-C-81706.  A  coating  weight  of  at  least 
40  mg/ft^  is  required  by  MIL-C-81706  for  Class  1 
coatings. 

These  stringent  military  specifications,  although 
initially  developed  for  CCC,  are  presently  used  as 
the  benchmark  for  new  nonchromate  conversion 
coatings.  The  corrosion  resistance,  paint  adhesion, 
and  electrical  contact  resistance  of  29  chromate-free 
conversion  coatings  on  test  panels  of  five  aluminum 
alloys  were  evaluated  using  military  specifications 
in  a  study  by  the  National  Center  for  Manufacturing 
Sciences.®  In  this  study,  the  coatings  were  applied 
by  immersion  in  each  of  the  respective  manufac¬ 
turer’s  laboratories.  In  a  similar  study  on  vender- 
prepared,  spray-applied  coatings  by  the  Air  Force 
Research  Laboratory,  10  conversion  coating  systems 
were  evaluated.®  These  studies  indicate  that  while 
progress  has  been  made  in  the  area  of  alternative 
conversion  coatings,  they  do  not  compare  well  to 
CCC  when  tested  according  to  these  military  specifi¬ 
cations. 

The  common  understanding  of  the  structure, 
chemistry,  and  performance  of  CCC  has  been  devel¬ 
oped  through  examination  of  coatings  applied  by 
immersion  processing  normally  under  ideal  or  neatr- 
ideal  conditions.  However,  it  is  likely  that  coatings 
applied  during  normal  aircraft  depot  maintenance 
are  considerably  different.  These  coatings  are  applied 
by' spraying  using  contact  times  that  are  relatively 
short.  Thus,  the  goal  of  this  study  was  to  character - 
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ize  coatings  formed  using  flightline  (or  field)  applica¬ 
tion  methods. 

This  study  consisted  of  two  related  investiga¬ 
tions.  The  first  was  conducted  at  an  Air  Lxjgistic  Cen¬ 
ter  (ALC),  which  are  the  actual  facilities  used  when  a 
plane  is  brought  in  for  scheduled  maintenance.  Re¬ 
sults  from  the  initial  investigation  prompted  a  second 
investigation,  in  which  samples  were  prepared  by  the 
Coatings  Technology  Integration  Office  (CTIO)  of  the 
Air  Force  Research  Labs  using  specially  designed 
laboratories  to  simulate  the  environmental  conditions 
of  the  different  ALC  that  support  the  fleet.  The  follow¬ 
up  study  was  conducted  at  this  facility  in  an  attempt 
to  reproduce  the  conditions  of  initial  study  at  the 
ALC  depot. 

EXPERIMENTAL  PROCEDURES _ 

ALC-Applied  Coatings 

CCC  were  formed  on  4-in,-by-5-in.  (102-mm- 
by-127-mm)  coupons  of  three  different  alloys: 
AA2024-T3  (UNS  A92024,  Al-4.4Cu-l.5Mg-0.6Mn), 
AA6061-T6  (UNS  A96061,  Al-l.0Mg-0.6Si),  and 
AA7075-T6  (UNS  A97075,  Al-5.6Zn-2.5Mg-l.6Cu). 

The  as-received  samples  were  initially  subjected  to  a 
deoxidizing  pretreatment  using  a  phosphoric  acid 
(H3PO4) /nitric  acid  (HNO3)  solution.  The  deoxidizing 
solution  was  spray-applied  and  permitted  to  contact 
the  samples  for  a  total  of  5  min  prior  to  rinsing  with 
tap  water.  The  samples  were  then  conversion-coated 
by  spray  application  using  Turco  Alumigold 
which  is  a  MIL-C-81706  qualified  product.  The  con¬ 
version  coating  solution  was  in  contact  with  the  pan¬ 
els  for  5  min,  then  the  samples  were  rinsed  and 
allowed  to  diy. 

A  second  batch  of  panels  was  then  prepared  us¬ 
ing  the  same  general  procedures  as  just  described. 
However,  these  panels  were  manually  abraded  with 
nonmetallic  scouring  pads  while  in  contact  with  the 
deoxidizing  solution  for  12  min. 

After  drying  overnight,  selected  panels  were 
primed  and  topcoated,  again  using  standard  ALC 
procedures  and  materials.  The  spray-applied  primer 
was  a  two-part,  high-solids  epoxy  with  a  maximum  of 
340  g/L  volatile  organic  content.  After  drying,  a  high- 
solids  polyurethane  topcoat  was  spray-applied. 

The  panels  were  subsequently  tested  as  stand¬ 
alone  CCC,  and  as  candidate  coating  systems  (CCC  + 
primer  +  topcoat).  In  addition  to  the  testing  required 
by  the  military  specifications,  other  analytical  meth¬ 
ods  were  used.  The  weight  of  the  CCC  was  measured 
according  to  MIL-C-81706.  The  panels  were  weighed, 
stripped  in  HNO3,  and  re-weighed  to  determine  coat¬ 
ing  weight.  Powder  scraped  from  the  CCC  panels  was 
analyzed  by  x-ray  diffraction  (XRD).  The  surface  of 
the  CCC  panels  were  inspected  by  scanning  electron 

■  Trade  name. 


microscopy  (SEM).  The  electric  contact  resistance 
was  measured  using  a  1-in.^  (6.5-cm^)  copper-con¬ 
tacting  electrode  under  a  load  of  200  lb  per  MIL-C- 
81706.  Compositional  depth  analysis  was  performed 
using  Auger  electron  spectroscopy  (AES).  A  3-keV  Ar* 
ion  beam  was  used  for  sputtering.  The  66-,  210-,  and 
229-eV  peaks  were  monitored  for  aluminum,  oxygen, 
and  chromium. 

Corrosion  resistance  of  the  panels  receiving  the 
CCC  treatment  alone  was  assessed  by  electrochemi¬ 
cal  impedance  spectroscopy  (EIS)  and  salt  spray.  ElS 
was  performed  after  24  h  exposure  to  0.5  M  sodium 
chloride  (NaCl).  A  metric  indicative  of  corrosion  resis¬ 
tance,  was  fit  from  the  spectra  using  a  nonlinear 
least-squares  program.  The  R,,on.  is  the  polarization 
resistance  minus  diffuslonal  Impedance  and  has  pre¬ 
viously  been  used  in  the  analysis  of  conversion- 
coated  aluminum  alloys.'”  Salt  spray  exposure  was 
done  according  to  ASTM  method  B  1 17.  The  coatings 
were  ranked  by  time-to-failure.  Visual  detection  of 
five  or  more  pits  per  panel  constituted  a  failure. 

Testing  of  primed  samples  was  done  according  to  |t 
MlL-PRF-85285,  “Performance  Specification  Primer 
Coatings;  Epoxy,  High-Solids,”  because  any  conver-  K 
Sion  coating  would  be  expected  to  eventually  perform  p 
as  part  of  a  coating  system  that  would  include  a  fe 

primer  coat.  Adhesion  was  tested  by  the  wet  tape  test  fe 

according  to  ASTM  D3359,  Test  B. "  This  method  IV 

conforms  to  the  military  specifications  with  the  ex- 
ceptlon  of  a  crosshatch  cut  of  the  paint  rather  than  1; 

an  X-cut.  This  modification  was  used  because  it  is 
more  quantitative.  The  coated  sample  was  exposed  ri 
to  disUUed  water  for  24  h  prior  to  Introduction  of  the  ® 
lattice  cuts  through  the  film  to  the  substrate.  Pres- 
sure-sensitive  tape  was  laid  across  the  lattice  and  ? 
then  removed.  The  samples  were  ranked  from  0  to  5 
by  comparison  with  descriptions  and  images.  A  rank-  > 
ing  of  5  was  given  for  a  sample  displa3dng  no  paint 
removal  and  a  ranking  of  0  was  given  for  >65%  paint 
removal  as  seen  in  Table  2. 

Lab-Simulated  Coatings 

Based  on  the  results  of  the  ALC-prepared 
samples,  a  follow-up  study  was  designed  to  examine 
the  effect  of  chromate  conversion  coating  time  and 
the  effect  of  application  method .  The  study  was 
limited  to  AA2024-T3.  The  panels  were  manually 
abraded  prior  to  degreasing  for  20  min  at  100°^ 

Panels  were  then  deoxidized  for  2  min  in  18%  HgPO, 
at  room  temperature.  Both  immersion  and  constant 
overflow  spray  of  the  coating  solution  were  used  for 
application  of  the  CCC.  Exposure  times  of  2,  5,  and 
9  min  were  used.  The  coating  solution  had  been 
made  3  days  prior.  The  coating  times  were  chosen  to 
assure  that  a  coating  weight  of  40  mg/ft^  was 
achieved  based  on  calibration  experiments  made  at 
the  time  of  the  solution  preparation.  During  spray 
application,  the  panels  were  held  in  racks  at  45° 
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TABLE  2 

Ranking  of  Tape  Test  Samples  According  to  ASTM  D335^^^ 

Rank  %  Removed  Example 


5B 


4B 


3B 


2B 


1B 


OB 


0 


<5 


5  to  15 


15  to  35 


35  to  65 


>65 


Reprinted  with  permission.  Copyright  ASTM. 


TABLE  3 

Testing  Done  on  Lab-Simulated  Coatings^^^ 


2  min  5  min  9  min 


CCC  alone 

Coating  weight  X 

EIS 

Salt  spray  exposure  X 

CCC  +  primer 

Pull‘Off  tensile  strength  X 

Wet  tape  test  X 


CCC  ^  primer  +  topcoat 

Salt  spray  exposure 


X 

X 


X 

X 

X 


X  X 

X  X 


X 


Matrix  Identical  for  spray-  and  immersion-applied  coatings. 


TABLE  4 

EIS  Results  for  ALC-Applied  Coatings 
onAA2024,  AA6061,  andAA7075 


R.,„(kn.cmr’ 

Pretreatment  1  (As-received) 

AA2024 

11.1  ±1.7 

AA6061 

323.8  ±316.5 

AA7075 

18.3  ±3.6 

Pretreatment  2  (Abraded) 

AA2024 

25.7  ±  19.5 

AA6061 

1,997.5  ±  1,657.9 

AA7075 

4,863.2  ±  2.357.4 

Rcorr  ^it  from  spectra  for  both  pretreatments. 


with  a  constant  overflow  of  solution.  After  drying 
overnight,  selected  panels  were  primed  using  a  two- 
part,  high-solids  epoxy.  In  addition,  a  fraction  of 
the  primed  panels  were  topcoated  with  high-solids 
polyurethane. 

Testing  was  similar  to  that  done  for  the  initial 
study.  Some  of  the  testing  performed  in  the  initial 
study  was  limited  to  the  samples  with  9-min  expo¬ 
sure  times  as  seen  in  Table  3.  In  addition  to  the  wet 
tape  test,  the  pull-off  tensile  strength  of  the  epoxy 
primer  was  tested  according  to  ASTM  method  D4541 
using  a  Type  IV  self-alignment  adhesion  tester. 

Panels  receiving  the  CCC,  primer,  and  topcoat 
were  scribed  and  exposed  to  salt  spray  according  to 
ASTM  B  1 17.  The  exposure  time  was  2,000  h.  MIL- 
PRF-85285  requires  that  “the  primer  coating,  with 
and  without  a  topcoat,  shall  not  exhibit  blistering, 
lifting  of  either  coating,  nor  substrate  corrosion.’* 
Filiform  testing,  also  required  by  MIL-PRF-85285, 
was  not  performed. 

RESULTS  AND  DISCUSSION 


ALC-AppHed  Coatings 

As  can  be  seen  in  the  EIS  test  results  shown  in 
Table  4,  the  samples  that  were  abraded  prior  to  con¬ 
version  coating  had  higher  average  values  for  all 
three  alloys.  Previous  studies  of  conversion- coated 
aluminum  alloys  have  proposed  a  correlation  be¬ 
tween  the-F^orr  parameter  and  salt  spray  perfor¬ 
mance.^®  Based  on  the  results  of  this  earlier  study, 
conversion  coatings  on  AA2024  and  AA6061  with 
Rcorr  values  >2  X  10®  Q-cm^  are  expected  to  pass 
168  h  of  salt  spray  exposure,  while  an  R^„  value  of 
at  least  1.5  x  10^  Q-cm^  is  required  for  coatings  on 
AA7075.  Using  these  proposed  threshold  values,  only 
the  abraded  AA6061  coatings  were  expected  to  pass 
168  h  salt  spray. 

Regardless  of  pretreatment,  little  or  no  weight 
change  was  detected  after  stripping  the  CCC,  indicat¬ 
ing  that  the  coatings  were  very  thin.  On  the  basis  of 
coating  weight,  these  coatings  would  qualify  as  Class 
3  because  their  weight  was  <40  mg/ft^.  Class  lA 
films,  used  for  maximum  corrosion  resistance,  re¬ 
quire  40  mg/ft^.  Therefore,  based  on  film  weight 
alone,  these  coatings  were  not  expected  to  survive 
1 68  h  salt  spray.  Even  though  the  weights  of  the 
ALC-applied  CCC  were  very  low,  the  contact  resis¬ 
tance  of  the  films  was  higher  than  that  specified  for 
a  Class  3  coating.  The  electrical  contact  resistance 
for  the  coatings  on  AA2024,  AA6061,  and  AA7075 
were  9,  12,  and  12  m£2-in."^,  respectively.  The  mili¬ 
tary  specifications  require  an  electrical  contact  resis¬ 
tance  of  no  more  than  5  m^2-in.‘^ 

The  salt  spray  performance  is  shown  as  fraction 
failed  per  observation  time  in  Table  5.  Only  the 
abraded  AA6061  coatings  passed  the  168-h  salt 
spray  exposure  required  for  quality  conformance  by 
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TABLES  TABLES 

Fraction  of  ALC  Coatings  that  Faiied  Adhesion  Testing  of  Primed  and  Topcoated 

Per  Observation  Time  in  Salt  Spray<''> _  ALC-Applied  Coatings  by  Wet  Tape  Testin^^> 


24  h 

48  h 

66  h 

168  h 

Pretreatment  1  (As-received) 

AA2024  5/5 

AA6061  3/5 

4/5 

5/5 

AA7075  0/5 

1/5 

5/5 

Pretreatment  2  (Abraded) 

AA2024  5/5 

AA6061  0/5 

AA7075  5/5 

0/5 

0/5 

0/5 

MIL-C-81706  requires  168  h  for  quality  conformance  on  alloys. 


FIGURE  1.  XRD  spectrum  lor  CCC  scraped  from  ALC-applied 
coatings.  Peaks  in  the  spectrum  are  a  result  of  aluminum  removed 
from  the  panel  during  scraping. 


MIL-C-81706.  This  was  predicted  by  the  R^on- values 
obtained  from  the  EIS  testing.  As  previously  men¬ 
tioned,  the  threshold  proposed  for  predicting  salt 
spray  performance  of  AA7075  is  higher,  therefore  the 
AA7075  coating  was  not  expected  to  pass. 

Rankings  from  the  wet  tape  test  are  shown  in 
Table  6.  MIL-C-5541  specifies  no  separation.  Coat¬ 
ings  receiving  a  rank  of  4  or  5  were  considered  to 
have  passed.  It  can  be  seen  that  the  ALC-applied 
CCC  were  able  to  provide  passing  adhesion  results 
for  the  majority  of  samples.  Pretreatment  (i.e., 
abraded  vs  nonabraded)  or  alloy  type  did  not  effect 
adhesion  results. 

XRD  indicated  that  the  CCC  was  amorphous 
regardless  of  alloy  or  pretreatment.  No  other  com¬ 
pounds  were  detected.  The  peaks  seen  in  the  XRD 
spectrum  are  from  aluminum  metal  that  was  re¬ 
moved  with  the  conversion  coating  by  the  scraping 
process  {Figure  1).  The  SEM  image  shown  in  Figure  2 
reveals  that  the  surface  of  the  coating  is  rough  and 
apparently  inhomogeneous.  This  appearance  is  typi- 


D3359  Ranks  MIL-Spec 


Pretreatment  1  (As-received) 

AA2024  3B,  4B,  5B  2/3  pass*®^ 

AA6061  2B,  4B,  5B  2/3  pass 

AA7075  4B,  5B,  5B  3/3  pass 

Pretreatment  2  (Abraded) 

AA2024  4B,  4B,  5B  3/3  pass 

AA6061  4B,  4B,  4B  3/3  pass 

AA7075  3B,  5B,  5B  2/3  pass 


Ranked  according  to  ASTM  D3359  on  a  scale  of  5  to  0,  with  5 
being  the  best  and  0  being  the  worst. 

Pass  or  fall  according  to  MIL-C-5541 ,  based  on  a  ranking  of  4  or  5 
considered  passing. 


FIGURE  2.  SEM  image  of  ALC-applied  CCC.  Sample  abraded  prior 
to  coating. 


cal  of  CCC  whether  they  are  applied  in  the  field  or  in 
the  lab.^^'^"* 

The  AES  depth  profiles  shown  in  Figure  3  varied 
considerably  among  the  different  alloys  for  the  pan¬ 
els  receiving  no  pretreatment.  On  the  other  hand,  the 
depth  profiles  of  the  conversion  coating  on  abraded 
panels  were  much  more  consistent  for  the  different 
alloys.  The  coating  nonuniformity  on  the  panels  that 
received  no  pretreatment  is  evident  in  the  photo¬ 
graph  shown  in  Figure  4. 

Based  upon  the  results  of  this  study,  none  of 
the  field-applied  (ALC-applied)  coatings  would  have 
qualified  as  a  Class  lA  coating.  For  these  coatings, 
it  can  be  seen  that  pretreatment  by  abrasion  during 
the  deoxidation  process  made  a  significant  improve¬ 
ment  in  the  conversion  coating  performance.  The  dif¬ 
ference  between  abraded  and  nonabraded  samples  is 
likely  a  result  of  the  tenacious  rolling  oils  present  on 
as-received  sheet  stock.  It  should  be  noted  that  MIL- 
C-5541  does  require  that  the  base  metal  be  cleaned 
such  that  a  “water  break-free  surface”  is  obtained. 
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As-received 

AA2024 


0.3  P_ 

no) 


0 — 


I  45  90  135  180  225  270  315  360  405  450  0  45  90  135  180  225  270  315  360  405  450 

Sputter  Time  (s)  Sputter  Time  (s) 

FIGURE  3.  AES  depth  profiles  for  ALC-appUed  coatings.  Spectra  for  coatings  on  AA2024,  AA6Q6t,  andAA7075  with  both 
pretreatments  shown.  Concentrations  of  (Y)  oxygen,  (0)  aluminum,  and  (^)  chromium  plotted  as  atomic  fraction. 


Lab-Simulated  Coatings 

A  foUow-up  study  was  designed  to  address 
issues  raised  by  the  ALC  study.  A  study  by  the  Air 
Force  Research  Laboratory  had  suggested  that  2  min 
of  constant  overflow  during  spray  application  was 
necessary  to  obtain  sufficient  coating  weight.®  In 
addition,  the  effect  of  the  application  method  (spray 
vs  immersion)  was  of  interest. 


Coating  weight  measurements  were  made  for 
all  coating  times  (2,  5,  and  9  min)  and  for  both 
application  methods  (spray  and  immersion).  Based 
on  the  coating  weights  shown  in  Table  7,  the  re¬ 
quired  40  mg/ft^  was  achievable  only  for  the  5-min 
and  9-min  exposure  times  for  both  application  meth¬ 
ods.  The  values  listed  for  the  spray  application  are 
based  on  a  coating  area  of  0.28  ft^  (2  sides  by  4  in.  by 
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5  in.  by  0.007  ft^/in.^).  This  area  is  artificially  high 
because  only  one  side  was  directly  sprayed,  although 
both  sides  were  in  contact  with  the  solution  to  some 
degree.  Therefore,  the  calculated  weights  for  the 
spray “  applied  coatings  are  believed  to  be  artificially 
low.  Based  on  the  requirement  of  40  mg/ft^  for  Class 
lA  coatings,  the  coatings  with  5-  and  9-min  exposure 
times  are  expected  to  pass  168  h  salt  spray. 

Rcorr  values  fit  from  the  EIS  measurements  were 
3.3  X  10®  ±  2.5  X  10®  n-cm^  and  2.9  x  10®  ±  2.8  x 
10®  fl-cm^  for  the  9-min  exposure  times  of  the  im¬ 
mersion  and  spray-applied  coatings,  respectively. 
Based  on  the  previously  discussed  threshold 
value  of  2  X  10®  a-cni^  for  coatings  on  AA2024,  these 
coatings  were  expected  to  pass  the  168-h  salt  spray 
exposure.  It  should  be  noted  that  while  the  range  of 
Rcorr  values  observed  for  the  immersion  and  spray- 
applied  coatings  was  large  (8.8  x  10®  to  8.4  x 
10®  fl-cm^  and  2.8  x  10®  to  1.1  x  10^  fl-cm^  for  the 
immersion  and  spray- applied  coatings,  respectively), 
it  is  typical  of  the  scatter  observed  for  barrier  prop¬ 
erty  measurements  of  inorganic  or  organic  coatings. 
The  arithmetic  mean  of  eight  samples  per  treatment 
was  used  in  this  study  for  comparison  with  a  previ¬ 
ously  determined  critical  threshold  value,  which 
had  been  determined  by  Buchheit,  et  al.,^°  using  the 
mean  rank  method  for  an  80%  cumulative  passing 
frequency.  As  previously  stated,  the  EIS  testing  was 
limited  to  the  9-min  application  times  to  minimize 
the  size  of  the  experimental  matrix. 

Salt  spray  results  are  reported  in  Table  8  as  frac¬ 
tion  failed  per  observation  time.  The  samples  were 
left  in  the  salt  spray  chamber  for  1,000  h.  Only 
1 68  h  is  required  for  quality  conformance  and  336  h 
for  qualification  of  coatings  on  AA2024.  A  majority 
of  the  5-min  and  9-min  coatings  survived  336  h.  The 
spray-applied  coating  performed  better  than  immer¬ 
sion-applied  coatings.  At  each  observation  time,  a 
greater  fraction  of  the  spray-applied  coatings  sur¬ 
vived  than  the  immersion- applied  coatings  for  the 
same  coating  time.  Note  that  none  of  the  2-min  im¬ 
mersed  samples  passed  168  h  of  salt  spray,  while 
none  of  the  2-min  spray- applied  coatings  could  sur¬ 
vive  336  h  of  salt  spray. 

Adhesion  was  measured  by  the  wet  tape  test  and 
by  measuring  the  pull-off  tensile  strength.  Results  of 
the  adhesion  testing,  shown  in  Table  9,  indicate  that 
the  adhesion  measured  by  the  wet  tape  test  was 
comparable  regardless  of  coating  time  or  application 
method.  Additional  adhesion  tests  (pull-off  tensile 
strength)  verified  that  the  adhesion  w^s  statistically 
equivalent  for  all  treatments. 

The  scribed,  primed,  and  topcoated  panels  were 
evaluated  after  2,000  h  exposure  to  salt  spray.  No 
blistering  or  lifting  of  the  topcoat  or  primer  was 
observed  for  any  of  the  9-min  spray  or  immersion- 
applied  panels.  However,  corrosion  was  observed  on 
two  of  the  four  immersion-applied  panels.  Therefore, 


FIGURE  4.  Photograph  showing  nonuniformity  of  CCC  on  samples 
receiving  no  pretreatment 


TABLE  7 

Coating  Weights  for  All  Times 
of  Spray  and  Immersion  Appiicationf^^ 


Coating  Weight 
(mg/ft*) 

Immersion 

2  min 

23.9  ±  5.4 

5  min 

41.2  +  4.5 

9  min 

48.8  ±  3.6 

Spray 

2  min 

N/A 

5  min 

36.3+1.5'®’ 

9  min 

37.5  ±  12.8'®’ 

Samples  produced  in  lab-simulating  depot  conditions. 
Coating  on  both  sides  of  4-ln.-by-5-in.  panel  assumed. 


two  of  the  four  9-min  immersion- applied  panels 
failed  the  salt  spray  exposure,  but  all  of  the  spray- 
applied  panels  passed. 

The  better  salt  spray  performance  of  the  spray- 
applied  coatings  (both  stand-alone  and  painted)  was 
unexpected.  This  may  be  athibutable  to  bath  chem¬ 
istry  changes  with  time  for  the  immersion  coatings. 
Spray-applied  coatings  are  formed  by  a  constant 
chemistry  that  is  continually  refreshed,  while  immer¬ 
sion  techniques  form  coatings  in  a  bath  that  will 
change  with  time.  The  effect  of  bath  chemistry  evolu¬ 
tion  on  the  corrosion  performance  of  a  nonchromate 
conversion  coating  has  recently  been  reported  in 
which  coating  quality  was  found  to  decrease  with 
bath  age.^®  Another  factor  is  that  the  immersion  coat¬ 
ings  were  at  a  constant  elevated  temperature,  while 
no  temperature  control  was  provided  for  the  spray 
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TABLE  8 

Fraction  of  Coatings  that  Failed 
per  Observation  Time  in  Salt  Spra/^^ 


168  h 

336  h 

504  h 

672  h 

1,000+  h 

Immersion  Application 

2  min  4/4 

5  min  0/4 

1/4 

3/4 

3/4 

4/4 

9  min  0/4 

0/4 

2/4 

3/4 

4/4 

Spray  Application 

2  min  1/4 

4/4 

5  min  0/4 

0/4 

0/4 

1/4 

4/4 

9  min  0/4 

0/4 

1/4 

1/4 

4/4 

MIL-C‘81 706  requires  1 68  h  for  quality  conformance  and  336  h  for 
qualification  on  AA2024.  Samples  produced  in  lab-simulating  depot 
conditions. 


TABLE  9 


Adhesion  Testing  of  Primed  Coatings 
Produced  in  Lab-Simulated  Depot  Conditions 
by  Wet  Tape  Test  and  Pull-Off  Tensile  Strength 


POTS 

(psi) 

Tape 

Test 

MIL- 

Spec 

Immersion 

2  min 

995 ± 142 

4B,  5B 

2/2  pass*''’ 

5  min 

1,046+  182 

5B,  5B 

2/2  pass 

9  min 

964  +  166 

5B,  5B 

2/2  pass 

Spray 

2  min 

9731139 

4B,  5B 

2/2  pass 

5  min 

1,0361143 

4B,  5B 

2/2  pass 

9  min 

900 ± 154 

4B.  5B 

2/2  pass 

Pass  or  fail  according  to  MIL-C-5541 ,  based  on  a  ranking  of  4  or  5 
considered  passing. 


application.  It  should  be  stated  that  the  sprayed 
solution  was  at  an  elevated  temperature  but  cooling 
certainly  occurred  once  in  contact  with  the  panels. 
The  effect  of  cooling  during  spraying  has  not  been 
investigated. 

In  light  of  this,  coating  systems  should  be  viewed 
as  an  interdependent  entity  in  which  the  perfor¬ 
mance  of  the  whole  is  more  than  the  simple  sum  of 
its  individual  components  (i.e.,  conversion  coating, 
primer  coat,  and  topcoat).  A  case  in  point  is  the 
present  investigation  of  CCC.  Although  the  field- 
applied  CCC  did  not  pass  the  military  specifications 
for  stand-alone  corrosion  protection,  these  same  CCC 
perform  quite  well  when  used  in  the  field  within  a 
complete  coating  system.  The  antithesis  may  also  be 
true,  in  that  a  new  alternative  conversion  coating 
may  perforin  well  as  a  stand-alone  corrosion  protec¬ 
tion  material,  but  not  possess  the  requisite  interfa¬ 
cial  chemistry  to  function  within  a  complete  coating 
system.  This  has  been  observed  in  testing  within 
these  laboratories  and  will  be  reported  in  a  subse¬ 
quent  paper.  Results  of  this  study  strongly  suggest 
the  need  to  use  a  total  system  test  approach  to 


qualify  alternative  conversion  coatings  when  incorpo¬ 
rated  into  a  complete  coating  system.  The  ideas 
presented  here  will  possibly  make  pre-screening  of 
conversion  coatings  a  more  cumbersome  process, 
but  additional  research  is  being  conducted  to  better 
understand  the  interfacial  properties  that  control 
substrate  coating  interactions. 

CONCLUSIONS 


❖  There  were  several  significant  results  in  this  study 
of  field-applied  and  lab-applied  coatings.  The  salt 
spray  performance  was  predicted  by  EIS  and  coating 
weight.  The  prediction  of  salt  spray  performance 
based  on  threshold  R^orr  values  was  supported  by 
these  results.  The  adhesion  required  by  military 
specification  was  obtained  regardless  of  alloy  type, 
pretreatment,  application  method  (spray  or  immer¬ 
sion),  or  coating  time.  At  least  5  min  of  continuous 
exposure  during  coating  was  needed  to  obtain  ad¬ 
equate  coating  weight  for  both  application  methods. 
In  the  lab-simulated  study,  the  spray-applied  coat¬ 
ings  were  slightly  better  than  the  immersion-applied. 

❖  Present  military  specifications  for  conversion  coat¬ 
ings  require  a  level  of  performance  that  not  even 
field-applied  CCC  can  meet.  Yet  we  know  from  expe¬ 
rience,  that  field-applied  CCC  provide  £in  excellent 
substrate  for  coating,  and  that  the  coatings  on  these 
same  field-applied  CCC  do  pass  military  specifica¬ 
tions  for  a  coating  system  (i.e.,  conversion  coating, 
primer,  and  topcoat).  Thus,  present  military  specifi¬ 
cations  may  set  unreasonable  requirements  for 
emerging  environmentally  benign  conversion  coatings 
that  would  eventually  be  used  within  a  coating  sys¬ 
tem,  and  may  screen  out  very  adequate  conversion 
coating  materials. 
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Porformanc©  of  Hydrotalcit©  Convorsion  Treatmonts 
on  AA2024-T3  When  Used  in  a  Coating  System 


R.B.  Leggat,  *  W.  Zhang,  RG,  Buchheit, **  and  S.R.  Taylor* 


ABSTRACT 


Hydrotalcite  (HT)  conversion  coatings  are  a  possible  alterna¬ 
tive  to  chromate  conversion  coatings  (CCC)  for  the  pre&eat- 
ment  of  aluminum  aerospace  alloys,  but  they  must  meet 
several  criteria  for  acceptance.  Relevant  to  acceptance  are  * 
the  abilities  of  these  coatings  to  provide  stand-alone  corro¬ 
sion  protection,  suitable  adhesion  with  subsequent  organic 
layers,  and  overall  corrosion  protection  when  used  within  a 
coating  system.  This  study  examines  the  salt  spray  peifor- 
mance  of  nine  different  HT  treatments  on  AA2024  (UNS 
92024)  as  stand-alone  conversion  coatings  and  as  a  sub¬ 
strate  for  an  epoxy  primer.  In  addition,  the  adhesion  of  epoxy 
to  the  HT  and  the  corrosion  characteristics  ofHT  coatings  as 
assessed  by  electrochemical  impedance  spec&oscopy  (EIS) 
were  determined.  Salt  spray  testing  was  performed  under 
pertinent  military  specifications,  and  CCC  was  used  as  the 
benchmark.  Two  epoxy  primers  were  evaluated:  one  with  a 
chromate  inhibitor  (Class-C)  and  one  with  a  nonchromate 
inhibitor  (Class-N).  The  stand-alone  HT  treatments  did  not 
perform  as  well  as  the  CCC  but  showed  favorable  perfor¬ 
mance  relative  to  bare  AA2024.  In  the  primed  samples,  the 
CCC  and  bare  AA2024  performed  better  than  the  HT-coated 
samples.  Current  HT  coating  chemistries  have  been  opti¬ 
mized  for  stand-alone  corrosion  resistance.  A  correlation  be¬ 
tween  stand-alone  salt  spray  performance  and  EIS  response 
was  observed.  The  stand-alone  corrosion  resistance  or  epoxy 
adhesion  could  not  explain  the  salt  spray  performance  of  the 
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epoxy-primed  samples,  supporting  the  need  for  a  total  sys¬ 
tem  testing  approach  in  coatings  development. 

KEY  WORDS:  AA2024,  adhesion,  conversion  coatings,  elec¬ 
trochemical  impedance  spectroscopy,  salt  spray  testing 

INTRODUCTION 


Conversion  coatings  are  commonly  applied  to  alumi¬ 
num  alloys  to  increase  corrosion  resistance  and  to 
provide  increased  adhesion  of  subsequent  organic  lay¬ 
ers.^  Currently,  chromate-based  conversion  coatings 
(CCC)  are  used  and  are  a  key  component  in  the  per¬ 
formance  of  aerospace  coating  systems.  Although  they 
provide  excellent  adhesion  and  corrosion  perfor¬ 
mance,  chromates  are  hazardous  materials  that  re¬ 
quire  significant  expenditure  in  waste  processing.^ 
Conversion  coatings  based  on  a  naturally  occur¬ 
ring  compound,  hydrotalcite  (HT),  are  being  devel¬ 
oped  as  an  alternative  to  CCC.^  HT  is  formed  on 
aluminum  alloys  by  exposure  to  alkaline  lithium  salt 
solutions.  The  compound  formed  consists  of  alumi- 
num/lithlum-hydroxide  layers  intercalated  by  anions  ’ 
from  the  lithium  salt.  The  physical  and  chemical 
properties  of  HT-based  coatings  can  be  controlled  by 
selection  of  this  interlayer  anion,  as  well  as  by  nu¬ 
merous  post-coating  treatments,'*'®  thus  providing  a 
large  array  of  treatment  options  in  the  discoveiy  of 
an  optimal  conversion  coating  procedure. 

Previous  research  has  focused  on  optimizing 
stand-alone  corrosion  resistance  of  HT-based  coat¬ 
ings  on  an  aerospace  alloy  (AA2024-T3  [UNS 
92024]‘*T®  However,  in  order  for  candidate  conver¬ 
sion  coating  chemistries  to  be  used  ultimately  by  cer- 
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tain  customers  {e.g.,  department  of  defense  [DODJ 
facilities),  they  must  conform  to  military  specifica¬ 
tions.  One  such  specification  is  MIL-C-81706, 
“Chemical  Conversion  Materials  for  Coating  Alumi¬ 
num  and  Aluminum  Alloys,”’'  This  is  a  materials 
specification  that  defines  the  characteristics  of  the 
conversion  coating  chemistry,  including  appearance 
and  properties  of  the  applied  coating.  Another  speci¬ 
fication  that  also  covers  conversion  coatings  on  alu¬ 
minum  alloys,  MIL-C-5541E,  “Chemical  Conversion 
Coatings  on  Aluminum  and  Aluminum  Alloys,”*  is  a 
process  specification  that  defines  the  characteristics 
of  a  coating  applied  in  a  production  environment. 
MIL-C-5541E  controls  the  qualification  of  candidate 
systems  and  is  therefore  the  specification  relevant  to 
the  present  study. 

Given  that  a  conversion  coating  will  be  used  as 
part  of  a  coating  system  consisting  of  a  conversion 
coating,  a  primer,  and  one  or  more  topcoats,  testing 
of  candidate  conversion  coatings  should  also  include 
samples  coated  with  at  least  a  primer  coat.  The 
military  specification  that  controls  epoxy  primers  is 
MIL-PRF-23377G,  “Performance  Specification  Primer 
Coatings:  Epoxy.  High  Solids.”®  Any  conversion  coat- 
ing  that  causes  a  previously  qualified  primer  to  fail 
the  tests  specified  by  MIL-PRF-23377G  should  not  be 
used,  even  if  the  conversion  coating  itself  qualifies 
under  MIL-C-5541E. 

Salt  spray  exposure  is  the  method  specified  for 
assessing  corrosion  resistance  by  both  MIL-C-81706 
and  MIL-PRF-23377G.  Although  there  is  consider¬ 
able  criticism  of  the  method’s  reliability  and  rel¬ 
evance  to  service  performance,  salt  spray  testing  is 
recognized  as  the  standard  in  many  industries  as 
well  as  in  the  military.^® 

In  the  current  study,  the  salt  spray  performance 
of  HT-coated,  epoxy-primed  AA2024-T3  was  investi¬ 
gated.  The  primary  goal  was  to  determine  the  optimal 
treatment  for  service  performance.  The  selection  of 
treatments  for  evaluation  was  based  on  a  number  of 
considerations.  During  the  coating  step,  bath  chem¬ 
istries  including  different  lithium  salts  were  used  to 
incorporate  various  oxoanions  (e.g.,  carbonate,  ni¬ 
trate.  and  persulfate)  into  the  PIT  structure.  Some  of 
the  coated  samples  also  received  additional  post¬ 
coating  treatments  such  as  a  transition  metal  seal, 
hydrothermal  reversion,  or  adsorption  of  a  hydration 
inhibitor.  Practicality  was  another  factor  in  determin- 
ing  what  treatments  were  analyzed.  Eliminating  po¬ 
tentially  unnecessary  processing  steps  (e.g.,  degreas¬ 
ing  and/or  deoxidizing)  and  energy-intensive  param¬ 
eters  (e.g.,  elevated  temperature)  would  be  beneficial 
to  producing  these  coatings  on  an  industrial  scale. 

The  flexibility  of  numerous  treatment  options 
available  for  HT  processing  is  coupled  with  questions 


^  Trade  name. 
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of  product  variation.  Treatment  variables  that  could 
be  relevant  include  the  following: 

—  the  degreasing  and  deoxidizing  steps 

—  different  anions  in  the  HT  interlayer 

—  different  temperature/time  combinations  dur¬ 
ing  processing 

—  post-coating  treatments  such  as  hydrothermal 
reversion  or  adsorption  of  a  hydration  inhibitor 

—  incorporation  of  active  corrosion  protection 

Additional  testing  included  electrochemical  im¬ 
pedance  spectroscopy  (EIS)  and  adhesion  testing. 
These  tests  were  performed  to  determine  the  relative 
importance  of  stand  alone  corrosion  resistance  and 
coating  adhesion  in  salt  spray  performance.  Al¬ 
though  the  importance  of  adhesion  in  the  corrosion 
resistance  of  painted  substrates  is  debated,"  '^  it  is 
generally  recognized  that  some  degree  of  wet  adhe¬ 
sion  is  necessary  for  adequate  corrosion  protection.’^ 

EXPERIMENTAL  PROCEDURES 


Application  of  Coatings 

Various  HT  coating  chemistries  were  applied  to 
4-in.-by-5-in.  (102-mm-by-127-mm)  AA2024-T3  pan¬ 
els.  Prior  to  processing,  the  panels  were  scrubbed 
with  nonmetallic  scouring  pads  in  detergent  solution, 
then  rinsed  in  deionized  water  and  air-dried.  Most  of 
the  HT  coatings  were  applied  using  a  conventional 
three-bath  process  consisting  of  degreasing,  deoxidiz¬ 
ing,  and  coating.  Bare  AA2024-T3  was  included  as  a 
blank,  while  CCC,  applied  by  an  Alodine^  process  per 
manufacturer’s  instructions,  were  used  as  a  control. 
A  total  of  nine  different  HT  coatings  were  evaluated. 
These  treatments  and  their  designations  used  in  this 
study  are  listed  in  Table  1. 

A  total  of  15  panels  were  made  for  each  treat¬ 
ment  evaluated.  Five  of  the  panels  were  set  aside  for 
stand-alone  salt  spray  testing.  Three  days  after  the 
conversion  coatings  were  applied,  the  remaining  pan¬ 
els  were  coated  with  a  two-part,  high-solids  epoxy 
primer.  Half  of  the  primed  samples  were  coated  with 
a  chromated  primer  fiype  1.  Class  C  per  MIL-P- 
23377G),  while  the  others  received  a  primer  with 
nonchromate  inhibitors  (Type  1,  Class  N).  After  dry¬ 
ing,  a  high-solids  pol3mrethane  topcoat  was  applied. 
The  top-eoated  and  primed  samples  were  allowed  to 
dry  for  3  weeks  prior  to  salt  spray  exposure.  (The 
primed  and  top-coated  samples  are  hereafter  referred 
to  as  “primed.”) 

Salt  Spray  Exposure 

The  samples  were  exposed  to  5  wt%  sodium 
chloride  (NaCl)  salt  spray  in  accordance  with  ASTM 
B1 17.'^’  Salt  spray  exposure  was  initiated  10  days 
after  the  conversion  coatings  were  applied.  The 
stand-alone  (unprimed)  samples  were  exposed  for 
336  h  per  MIL-C-81706  and  visually  inspected  for 
signs  of  corrosion  after  168  h  and  336  h  of  exposure. 
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TABLE  1 

HT  Conversion  Coating  Chemistries  Evaiuated>^> 


Coating 
Designation 


Time 

(min) 


Temperature 
(”C) 


Recipe 


AI02 

5 

95 

N03‘5-95  coating  followed  by  15  min  immersion  in  boiling  0.1  M  AljOg'NagO 

Bare 

— 

— 

Bare  AA2024-T3  as  blank 

CCC 

— 

— 

Alodine  process  used  as  a  control 

CO3 

5 

95 

0.07  M  Na2C03,  0.015  M  LigCOg,  0.1  M  LiOH-H20,  600  ppm  AlgOa'NagO 

HycJro 

5 

95 

NO3-5-95  coating  followed  by  15  min  Immersion  in  boiling  deionized  HjO 

MnO^ 

5 

95 

N03-5-95  coating  followed  by  5  min  immersion  in  NO3  recipe  +  0.01  M  Mn04  at  95®C 

NOa-PPA 

5 

95 

NO3-5-95  coating  followed  by  dip  in  10  wt%  PPA  at  RT 

NO3-3O-RT 

30 

RT 

0.3  M  KNO3,  0.03  LINO3,  0.1  M  LiOH-HgO,  600  ppm  Al203-Na20  (NO3  recipe) 

NO3-5-95 

5 

95 

NO3  recipe 

NOa-nopre 

5 

95 

NO3  recipe  without  degreasing  or  deoxidizing  steps 

S2O9 

5 

95 

NO3  recipe  +  0.01  M  K2S20g 

Immersion  time,  temperature, 

and  components  of  coating  bath  listed  in  addition  to  other  processing  variations. 

The  panels  were  removed  and  washed  before  the  final 
evaluation  was  made.  MIL-C-81706  specifies  that  no 
corrosion  whatsoever  should  be  visible.  For  compari¬ 
son.  specimens  were  rated  on  a  scale  of  0  to  5,  wh^e 
0  Indicates  no  corrosion  and  5  severe  corrosion, 
ftanktng  was  based  on  the  appearance  of  all  five  rep¬ 
licates  In  aggregate. 

The  primed  samples  were  exposed  for  2,000  h 
per  MIL-PRF-23377G.  Aecording  to  the  military 
specification,  the  primer  “shall  exhibit  no  blistering, 
lifting  of  the  coating  system,  or  substrate  corrosion 
after  exposure.  Again,  a  qualitative  ranking  was 
used  for  comparison.  Three  parameters  were  evalu¬ 
ated  for  each  replicate:  corrosion  at  the  scribe,  un¬ 
dercutting,  and  blistering.  For  corrosion,  0  Indicates 
a  bright,  elean  scribe;  1  indicates  staining  and  pos¬ 
sible  minor  corrosion  spots  but  no  buildup  of  corro¬ 
sion  product;  and  2  through  5  indicate  the  relative 
severity  of  corrosion  product  buildup,  with  2  and  3 
typically  being  limited  to  the  scribe  and  4  and  5 
showing  migration  from  the  scribe.  Undercutting  in¬ 
dicates  lifting,  or  loss  of  adhesion  of  the  coating  sys¬ 
tem  at  the  scribe  caused  by  corrosion.  Blistering 
indicates  attaek  at  the  serlbe  only.  The  rankings  for 
undercutting  and  blistering  were  also  on  a  scale  of 
0  to  5  (0  =  no  change,  1  =  minor.  2  =  minor  to  moder¬ 
ate,  3  =  moderate,  4  =  major,  and  5  =  severe). 

EIS 

AA2024-T3  panels  were  treated  with  selected 
coating  chemistries  listed  in  Table  1.  including  AlOj, 
CO3,  Hydro,  MnO„  NO3-5-95.  NO3-PPA,  and  S^Og. 


Bare  AA2024-T3  was  also  tested  as  a  blank.  EIS  data 
for  the  samples  were  collected  after  24  h  exposure  to 
0.5  M  NaCl  at  room  temperature  and  ambient  aera¬ 
tion.  A  parameter  indicating  the  corrosion  resistance 
of  the  coating.  was  fit  from  the  spectra  using  a 
complex  nonlinear  least-squares  fitUng  program. 
is  the  polarization  resistance  minus  the  diffuslonal 
impedance  and  has  been  used  successfully  in  previ¬ 
ous  studies  of  conversion- coated  aluminum  alloys."' 

Adhesion  Testing 

Epoxy  coaUngs  were  applied  to  panels  treated 
with  seleeted  coating  chemistries,  listed  in  Table  1 
(AIO2.  CO3,  Hydro,  MnO^,  NO3-5-95,  and  SjOg).  Bare 
AA2024-T3  and  CCC  were  also  coated  as  a  blank  and 
control,  respectively.  The  epoxy  consisted  of  a 
bisphenol  A(BPA)-eplchlorohydrin  resin  with  a  polya¬ 
mide  hardener  and  is  representative  of  the  epoxy 
chemistry  used  in  epoxy  primers  for  aerospace  appli¬ 
cations.  Spin  casting  was  used  to  apply  epoxy  coat¬ 
ings  25  pm  to  75  pm  thick. 

The  practical  adhesion  was  measured  by  the 
puU-off  tensile  strength  (POTS)  of  the  epoxy,  which 
was  taken  from  the  samples  using  a  pneumatic  ad¬ 
hesion  tensile  testing  instrument  (PATTI).  The  POTS 
tests  were  performed  in  accordance  with  ASTM 
Method  D4541,  “Standard  Test  Method  for  Pull-Off 
Strength  of  Coatings  Using  Portable  Adhesion 
Testers,”  using  a  Type  IV  self-alignment  adhesion 
tester. 

In  addition  to  the  dry  adhesion,  the  wet  state 
adhesion  was  measured  after  24  h  exposure  to  deion- 
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TABLE  2 

Stand-Alone  Corrosion-Resistance  Results  of  Salt  Spray 
and  BS  Testing  for  Unprimed  Treatmentsf^’ 

Specimen _ Ranking*®'  R„„  (kn-cm^ 


AIO^  3 

Bare  5 

CCC  0 

CO3  5 

Hydro  2 

Mn04  2 

NO3-PPA  5 

NOg-SO-RT  4 

NO3-5-95  4 

NOa^nopre  5 

S2OB  3 


26  +  7 
7±1 

944  ±  568 
16  +  2 
285 ± 142 
250 ± 130 
11  ±2 

26  +  6 

96  ±26 


Reported  values  are  the  average  of  five  replicates.  R^orr  values  fit 
from  EIS  data  after  24  h  exposure  to  0,5  M  NaCI. 

Rankings  after  336  h  salt  spray  exposure.  “0”  indicates  no  corrosion, 
and  5  indicates  the  greatest  severity  of  corrosion. 


ized  water.  After  aqueous  exposure,  the  samples  were 
wiped  dry  and  the  pull- off  stubs  were  attached  with 
cyanoacrylate  adhesive.  The  adhesive  was  allowed  to 
cure  for  30  min  prior  to  testing. 

RESULTS  AND  DISCUSSION  _ 

The  salt  spray  ranking  of  the  unprimed  and 
primed  samples  are  listed  In  Tables  2  and  3,  respec¬ 
tively.  Rankings  of  the  damage  parameters  (corro-> 
Sion,  undercutting,  and  blistering)  for  the  Class-N 
(nonchromated)  and  Class-C  (chromated)  primer- 
coated  samples  are  graphically  depicted  in  Figures  1 
and  2,  respectively. 

Stand-Alone  Corrosion  Protection 

The  most  apparent  result  from  the  salt  spray  Is 
that  the  CCC  performed  better  than  the  HT  treat¬ 
ments  for  both  the  stand-alone  and  primer-coated 
samples.  In  the  present  study,  the  laboratory-applied 
CCC  was  the  only  unprlmed  treatment  to  pass  the 
336-h  requirement  of  MIL-C-81706.  However,  it 
should  be  pointed  out  that.  In  a  previous  study  of 
field-applied  CCC.‘®  the  salt  spray  performance  of  the 
CCC  did  not  conform  to  the  military  specification, 
despite  the  proven  service  history  of  CCC. 

Six  of  the  HT  treatments  ranked  better  than  the 
bare  AA2024-T3.  Two  of  the  treatments.  Mn04  and 
Hydro,  received  a  ranking  of  2.  followed  by  SjOg  and 
AlOj  (ranking  of  3)  and  NOg-S-BS  and  NO3-3O-RT 
(ranking  of  4).  Based  on  prior  studies.  th&MnO^  and 
Hydro  coatings  would  have  been  expected  to  display 
good  stand-alone  corrosion  resistance.  Mn04  coat¬ 
ings  have  been  shown  to  provide  active  corrosion 
protection.*®  Hydrothermal  treatment  of  HT  coatings 
has  been  shown  to  revert  the  HT  to  a  bayerlte  layer 
with  a  thickness  comparable  to  that  of  anodized 
coatings.'* 


TABLE  3 


Rankings  of  Primed  Treatments 
after  2,000  h  of  Salt  Spray  Exposure^^’ 


Specimen _ Class-N  Primer  Class-C  Primer 


AID,  (1) 
AlO,  (2) 
AIO2  (3) 
AlOj  (4) 
AIO2  (5) 


2-4-2 

2-5-2 

2-5-0 

2-4-2 

2-4-2 


1-1-0 

1-1-0 

1-2-0 

1-1-0 

2-1-0 


Bare  (1) 

2-2-2 

Bare  (2) 

2-1-3 

Bare  (3) 

2-1-1 

Bare  (4) 

2-1-1 

Bare  (5) 

2-1-2 

0-0-0 

1-0-0 

1-0-0 

1-0-0 

0-0-0 


CCC(1)  l-O-o 

CCC  (2)  l-O-O 

CCC  (3)  1  -0-0 

CCC  (4)  1-0-0 

CCC  (5)  1-0-0 


0-0-0 

0-0-0 

1-0-0 

1-0-0 

0-0-0 


C03  (1) 
CO3  (2) 
CO3  (3) 
CO3  (4) 
CO3  (5) 


3-1-5 

3-0-5 

3-0-5 

3-0-5 

3-1-5 


2-3-0 

2-2-0 

2-2-0 

2-3-0 

2-3-0 


Hydro  (1)  3-1.2 

Hydro  (2)  3-1-1 

Hydro  (3)  3-2-2 

Hydro  (4)  3-3-1 

Hydro  (5)  3-2-3 


1-2-0 

1-2-0 

1-2-0 

1-2-0 

1-3-0 


Mn04(1)  3-1-1 

MnO.  (2)  3-2-1 

MnO,  (3)  4-2-0 

Mn04{4)  4-1-1 

Mn04(5)  3-1-0 


1-3-0 

1-3-0 

1-3-0 

1-3-0 

1-4-0 


NO3-PPA  (1) 
NOj-PPA  (2) 
NO3-PPA  (3) 
NO3-PPA  (4) 
NO3-PPA  (5) 


3-2-2 

3-1-1 

3-1-0 

3-1-1 

3-1-1 


2-5-0 

2-5-0 

2-5-0 

2-5-0 

2-5-0 


NO3-30-RT  (1) 
NO3-3O-RT  (2) 
NO3-3O-RT  (3) 
NO3-3O-RT  (4) 
NO3-3O-RT  (5) 


3-1-3 

3-0-4 

3-1-5 

3-1-5 

3-0-4 


1-0-0 

2-0-0 

2-0-0 

1-0-0 

1-0-0 


NO3-5-95  (1) 
NO3-5-95  (2) 
NO3-5-95  (3) 
NO3-5-95  (4) 
NO3-5-95  (5) 


3-1-1 

3-1-1 

3-1-0 

3-2-1 

3-2-1 


1-1-0 

1- 4-0 

2- 3-0 

1- 3-0 

2- 4-0 


N03-nopre(1)  3-1-3 

NOa-nopre  (2)  3-0-2 

NOj-nopre  (3)  3-0-3 

NOa-nopre  (4)  3-O-3 

N03-nopre(5)  3-0-3 


2-0-0 

1-0-0 

1-0-0 

1-0-0 

2-0-0 


SaOslI)  3-1-0 

SA(2)  3-1-0 

SA(3)  3-1-1 

SA(4)  3-1-1 

SA{5)  3-1-6 


1-4-0 

1-4-0 

1-4-0 

1-3-0 

1-3-0 


Three  parameters  evaluated  for  each  replicate;  corrosion  under¬ 
cutting.  and  blistering  (left  to  right).  0  to  5  indicates  lowest  to  high- 

contains  a  nonchromate 
inhibitor,  and  Class-C  is  a  chromated  primer. 
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FIGURE  1.  Rankings  of  the  degree  of  corrosion,  undercutting,  and 
btistering  for  treatments  with  nonchromated  primer  (Ciass-N).  The 
bar  indicates  the  average  vaiue  for  five  replicates. 


FIGURE  2.  Rankings  of  the  degree  of  corrosion  and  undercutting 
for  treatments  with  chromated  primer  (Class-C).  The  bar  indicates 
the  average  value  for  five  replicates.  No  blistering  was  observed  for 
any  treatment. 


The  Rjon-  values  fit  from  the  EIS  data  for  each 
treatment  are  included  in  Table  2.  Threshold 
values  have  been  proposed  as  indicators  of  the  salt 
spray  performance  of  conversion-coated  aluminum 
alloys.  “*  Conversion  coatings  on  AA2024-T3  with  a 
RcDtT  value  >  2  x  10®  to  5  x  10®  fl-cm^  would  be  ex¬ 
pected  to  have  <5  visible  pits  after  168  h  of  salt 
spray.  The  exposure  time  in  the  present  study  was 
greater  (336  h),  and  ranking  was  based  on  an  ordinal 
scale  rather  than  pass/fail.  Nonetheless,  the  R^„., 
values  can  be  used  as  a  qualitative  indicator  of  salt 
spray  performance.  In  fact,  the  stand-alone  salt 
spray  performance  correlated  reasonably  well  with 
the  values.  For  the  chromated  control  samples. 


values  from  the  previously  mentioned  study  were 
included  for  reference. 

Primed  Samples 

When  Class-C  (chromated)  primers  were  used, 
the  conversion  coating  seemed  to '  be  unnecessary  in 
terms  of  corrosion  resistance.  However,  this  was  not 
the  case  for  nonchromated  primers.  In  the  presence 
of  the  Class-N  primer  (nonchromated),  the  bare 
AA2024-T3  samples  performed  only  slightly  worse 
than  the  CCC,  and  only  one  HT  treatment  (AlOJ  per¬ 
formed  as  well  as  the  blank.  Thus,  eight  of  the  nine 
HT  conversion  coatings  tested  decreased  the  corro¬ 
sion  resistance  when  used  within  a  coating  system. 

It  should  also  be  pointed  out  that  chromate  in 
both  the  conversion  coating  and  primer  greatly  re¬ 
duced  the  amount  of  blistering.  However,  the  Class-N 
primer  showed  better  undercutting  resistance  in  6  of 
the  1 1  treatments. 

Looking  at  the  results  for  the  stand-alone  con¬ 
version  coatings  and  the  primer-coated  samples,  the 
effects  of  the  different  treatments  can  be  compared. 
The  degreasing  and  deoxidizing  steps  decreased  the 
corrosion  resistance  of  the  nonprimed  NO3-HT  con¬ 
version  coating.  However,  in  the  primer-coated 
samples,  an  equivalent  corrosion  resistance  was  seen 
regardless  of  the  pretreatment  steps.  In  addition, 
when  the  pretreatment  was  included,  the  two  time- 
temperature  combinations  had  the  same  corrosion 
resistance  whether  tested  as  stand-alone  or  with 
primer  coats.  Varying  the  time  and  temperature  of 
the  coating  step  altered  the  coating  thickness  and 
morphology.  The  fact  that  the  two  time-temperature 
combinations  produced  coatings  with  similar  corro¬ 
sion  resistance  suggests  that  the  coating  morphology 
is  not  the  determining  factor  in  corrosion  resistance. 

It  is  difficult  to  delineate  the  separate  effects  of  time 
and  temperature  because  neither  was  Independently 
controlled.  Practically,  these  results  Indicate  that  the 
cost  associated  with  elevated  temperature  is  not  jus¬ 
tified  by  Improved  corrosion  resistance. 

Several  post-coating  treatments  for  HT  were 
evaluated  in  the  present  study.  The  results  of  the 
imprimed  Mn04  and  Hydro  coatings  have  already 
been  discussed.  In  general,  none  of  post-treated  HT 
conversion  coatings  performed  well  when  used  within 
a  coating  system.  It  was  believed  that  the  use  of  a 
hydration  inhibitor,  phenylphosphlnlc  acid  (PPA), 
as  a  post-coating  would  increase  the  environmental 
durability  of  the  conversion  coating/primer  interface. 
Not  only  did  it  decrease  the  performance  of  the 
primed  samples,  but  it  also  decreased  the  corrosion 
resistance  of  the  unprimed  samples.  In  addition  to 
adsorption,  the  PPA  might  have  reacted  with  the  HT 
by  intercalation,  causing  the  observed  decrease  in 
corrosion  resistance.  Other  researchers  have  re¬ 
ported  intercalation  of  PPA  in  HT-like  compounds  by 
anion  exchange. 
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TABLE  4 

Dry  and  Wet  POTS  of  Epoxy  from  Treated  Substrates 


Specimen 

Dry  POTS  (MPa) 

Wet  POTS  (MPa) 

Mean 

Sid. 

Dev.**> 

Median 

Mean 

Std. 

Dev. 

Median 

AIO2 

3.21 

1.03 

3.19 

1.43 

0.37 

1.4 

Bare 

4.04 

1.66 

3.79 

1.28 

0.59 

1.22 

CCC 

6.8 

1.08 

6.72 

3.66 

1.18 

3.69 

CO3 

5.35 

1.34 

5.31 

2.47 

0.99 

2.4 

Hydro 

4.53 

1.51 

4.85 

1.41 

0.37 

1.47 

Mn04 

4.72 

1.02 

4.64 

1.88 

0.49 

1.96 

NO3-5-95 

4.98 

1.39 

4.85 

2.2 

0.65 

2.25 

S2O8 

3.91 

1.92 

4.29 

2.32 

0.38 

2.39 

Standard  deviation. 


As  a  means  of  comparing  the  overall  perfor¬ 
mance  of  the  primed  treatments,  the  corrosion,  un¬ 
dercutting,  and  blistering  parameters  were  summed 
for  all  five  replicates.  For  the  Class-N  primer,  the 
ranking  is  as  follows: 

CCC  >  SjOg  >  bare  AA2024  >  NOg-S-QS  = 

NOg-PPA  >  other  treatments  ^  ^  ^ 

For  the  Class-C  primer: 

CCC  >  bare  AA2024  >  NOg-nopre  = 

NOg-SO-RT  >  AIO2  >  other  treatments 

This  is  intended  not  as  a  rigorous  analysis  but 
merely  as  a  method  to  compare  the  treatments. 

Adhesion 

The  diy-  and  wet-state  POTS  results  are  shown 
in  Table  4.  Cumulative  probability  plots  are  useful 
for  visualizing  the  POTS  distributions  and  rankings 
for  different  treatments,  as  seen  in  Figures  3  and  4 
for  the  dry  and  wet  states,  respectively. 

A  one-way  analysis  of  variance  (ANOVA)  was 
used  to  test  for  differences  among  the  average  POTS 
values.  Tukey  s  method  was  used  to  compare  each 
treatment  with  the  others  to  see  which  were  signifi¬ 
cantly  different  at  a  95%  confidence. The  fact  that 
the  population  sizes  and  standard  deviations  were 
different  among  the  treatments  decreases  the  rigidity 
of  the  test,  but  a  reasonable  approximation  was  ob¬ 
tained.  The  comparison  from  Tukey’s  method  can  be 
Interpreted  by  looking  at  which  treatments  signifi¬ 
cantly  differ  fi-om  one  another.  The  CCC  POTS  is  sig¬ 
nificantly  greater  than  that  of  all  other  treatments. 
Comparing  the  bare  AA2024-T3  POTS  with  that  of 
the  other  treatments,  the  CO3,  NO3,  and  MnO^  POTS 
are  all  higher  than  the  POTS  of  the  degreased 
AA2024-T3.  The  POTS  of  the  Hydro  and  SjOg  HT  are 
equivalent  to  that  of  the  bare  AA2024-T3  while  the 
POTS  of  the  AIO2  HT  is  worse  than  that  of  the  bare 
AA2024.  The  rankings  are  as  follows: 


CCC  >  COg  =  NOg  =  Mn04  >  Hydro  = 
bare  AA2024  =  SjOg  >  AIO2 

Similar  analysis  was  used  for  the  wet  POTS 
results.  The  most  significant  result  is  the  large  de¬ 
crease  in  the  wet-state  POTS  relative  to  the  dry  state. 

was  true  for  all  treatments.  Fischer’s  LSD  Mul¬ 
tiple  Comparison  Test  indicated  that  the  POTS  for 
CCC  and  CO3  are  significantly  larger  than  for  all 
other  treatments.  Most  likely,  the  POTS  for  CO3  is 
not  equivalent  to  that  of  CCC,  as  evidenced  by  the 
difference  in  the  median  values  shown  in  Figure  4 
Comparing  the  bare  AA2024-T3  with  the  other  treat¬ 
ments,  the  POTS  for  SjOg  and  NO3  are  higher  than 
the  bare  AA2024.  The  POTS  for  MnO^,  AlO^.  and  Hy¬ 
dro  HT  are  all  equivalent  to  that  of  the  bare  AA2024. 
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The  rankings  are  as  follows: 

CCC  >  CO3  >  S^Oq  «  NO3-5-95  >  Mn04  - 
AIO2  ~  Hydro  «  bare  AA2024 

There  is  a  factor  not  accounted  for  in  the  EIS  or 
adhesion  tests  that  could  account  for  the  difference 
in  the  corrosion  performance  observed  for  the  stand¬ 
alone  and  primed  samples.  The  intercalation  reaction 
by  which  the  HT  is  formed  is  reversible.  As  previously 
mentioned,  the  HT  will  de-intercalate.  This  is  not 
problematic  in  the  absence  of  a  primer.  However,  in 
the  presence  of  a  primer,  the  release  of  ions  beneath 
the  primer  provides  an  osmotic  gradient  that  further 
promotes  water  ingress.  This  mechanism  can  be 
viewed  as  an  asset  or  a  liability.  If  the  HT  were  engi¬ 
neered  such  that  the  interlayer  oxoanion  were  a 
slowly  leaching  inhibitor,  de-intercalation  could  pro¬ 
vide  a  reservoir  for  active  corrosion  protection  at  the 
onset  of  water  ingress. 

SUMMARY 


No  correlation  was  observed  between  the  wet  and 
dry  POTS  rankings  and  the  salt  spray  performance 
of  the  primer-coated  samples.  Adhesion  issues  will 
be  examined  in  future  publications.  In  addition,  no 
correlation  was  observed  between  the  primer -coated 
salt  spray  performance  and  the  stand-alone  corro; 
Sion  resistance,  whether  gauged  by  EIS  or  salt  spray. 

This  study  has  determined  that  the  salt  spray 
performance  of  the  nine  HT  conversion  coatings 
tested  is  not  as  good  as  that  of  CCC  when  imple¬ 
mented  within  a  full  coating  system  (i.e.,  conversion 
coating  with  a  primer  and  a  topcoat).  In  some  cases, 
HT  performs  worse  than  a  nonconversion-coated  but 
primed  sample.  Thus,  present  HT  coating  chemistries 
are  better  optimized  for  stand-alone  corrosion  resis¬ 
tance  than  for  resistance  within  a  coating  system. 

The  salt  spray  performance  of  a  coating  system  can¬ 
not  be  predicted  by  simple  addition  of  the  indepen¬ 
dent  performance  of  each  component,  which  points 
to  the  need  to  test  the  coating  component  under  de¬ 
velopment  within  a  total  coating  system.  Individual 
components  of  a  coating  systern  may  perform  well  in 
isolation,  yet  their  composite  may  behave  in  an  unex¬ 
pected  manner. 

CONCLUSIONS 


❖  Present  HT  coating  chemistries  are  optimized  for 
stand-alone  corrosion  resistance. 

❖  The  HT  coating  chemistries  tested  in  the  present 
study  do  not  perform  as  well  as  CCC  as  a  coating 
pretreatment  {i.e.,  within  a  coating  system). 


❖  Neither  the  pretreatment,  incorporation  of  active 
corrosion  protection,  reversion,  nor  hydration  inhibi¬ 
tor  improved  the  salt  spray  performance  of  the 
primed  samples. 

❖  The  salt  spray  performance  of  primed  and  conver¬ 
sion-coated  AA2024  does  not  correlate  with  the  epoxy 
adhesion  or  stand-alone  corrosion  resistance  of  the  ' 
conversion  coating. 

❖  The  need  for  an  integrated  approach  in  coatings 
development  is  reinforced. 
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Influence  of  electrolyte  composition  on  the  corrosion  morphology  of  bare  AA2024-T3 
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ABSTRACT 


The  electrochemical  behavior  of  bulk  synthesized  Al-Cu,  Al-Cu-Mg,  and  Al-Cu-Fe-Mn 
intermetallic  compounds  as  well  as  that  of  AA  2024-T3  have  been  studied  and  correlated  with  the 
morphology  of  attack  at  and  aroimd  the  intermetallic  compounds  present  on  the  bare  polished 
surface  of  AA  2024-T3.  Exposures  were  conducted  in  four  solutions:  0.1  M  Na2S04  +  0  005  M 
NaCl  (pH  6),  0.1  M  Na2S04  +  0.005  M  NaCl  +  0.0001  M  NaOH  (pH  10),  0.1  M  Na2S04  +  0.005 
M  Cl  (as  AICI3)  (pH  3)  and  0.5  M  NaCl  (pH  6).  Similar  morphology  of  attack  was  observed  at 
each  type  of  Intermetallic  regardless  of  electrolyte  composition.  However,  the  rates  of  attack 
differed.  These  results  suggest  that  the  mechanism  of  the  initial  stages  of  local  attack  may  be 
similar  in  all  these  electrolytes. 

KEYWORDS:  AA  2024-T3,  intermetallics,  localized  corrosion,  in-situ  microscopy 


INTRODUCTION 


Aluminum-based  precipitation  age  hardened  alloys  containing  Cu  and  Fe  are  prone  to  localized 
corrosion  such  as  pitting  induced  by  galvanic  interactions  between  Cu-rich  intermetallics 
expounds  (IMC)  and  the  Al-alloy  matrix.  These  local  galvanic  cells,  which  induce  pitting  and 
alkaline  attack,  are  often  formed  by  Cu-  and  Fe-containing  intermetallics  or  replated  Cu  [1-13]. 
In  AA  2024-T3,  pit  initiation  sites  include  Al-Cu-Mg  particles  [1,  2,  7,  11-13],  the  periphery  of 
Cu-enriched  Al-Cu-Mg  particles  that  have  been  dealloyed  of  A1  and  Mg  [2],  and  the  matrix 
adjacent  to  Al-Cu  and  Al-Cu-Fe-Mn  particles  [1,  8,  11,  10].  Of  these  intermetallics,  the  Al-Cu- 
Mg  type  is  the  most  active.  It  is  anodic  to  the  Al-matrix  and  generally  dissolves  leaving  a  fine 
Cu-sponge  (resulting  from  the  de-alloying  of  both  A1  and  Mg).  Thus,  with  time  it  now  becomes 
cathodic  to  the  matrix  [1,  2,  12,  13].  Under  certain  conditions,  some  authors  have  observed  rings 
of  redeposited  Cu  around  these  Al-Cu-Mg  precipitates  [14].  As  much  as  60%  of  the  intermetallics 
on  the  surface  of  an  AA  2024-T3  sample  could  be  of  the  Al-Cu-Mg  type  [2,  15].  The  Al-Cu,  and 
Al-Cu-Mn-Fe  types  of  intermetallic  compounds  are  positive  (serve  as  cathodic  sites)  relative  to 
the  Al-matrix  [16].  As  a  result,  Cu^^  ions  dissolved  in  solution  can  be  reduced  readily  on  these 
r  generation  of  OH'  ions  at  these  particles  due  to  the  reduction  of  oxygen  leads  to 

alkaline  attack  of  the  A1  adjacent  to  these  particles,  resulting  in  a  trench-like  attack  morphology 
(trenching),  which  often  forms  a  perimeter  around  the  particle  [8,  1 1,  17,  18].  In  addition  pitting 
can  occur  in  the  matrix  in  halide  containing  solutions  [16]. 


This  work  focuses  on  the  comparison  of  the  attack  morphology  of  localized  corrosion  on  AA 
2024-T3  at  these  IMC  studied  in-situ  in  various  electrolytes  that  simulate  blister  solutions  under 
painted  A  A  2024-T3  [19],  and  the  correlation  of  these  observations  to  electrochemical  data  from 
A  A  2024-T3  and  the  bulk  synthesized  analogues  of  the  different  types  of  IMC  in  the  various 
solutions.  Of  interest  is  the  effect  of  bulk  solution  pH  and  chloride  concentration  on  the  attack 
morphologies  at  IMC  particles  on  bare  polished  AA  2024-T3  surfaces.  In  a  subsequent  paper. 


these  results  shall  be  compared  to  the  corrosion  processes  observed  in  underpaint  corrosion  [20, 

The  method  applied  for  in-situ  studies  was  Confocal  Laser  Scanning  Microscopy  (CLSM). 
CLSM  significantly  surpasses  the  capabilities  of  common  optical  microscopy  to  measure  and 
quantify  surface  metrology  [8,  22-24].  A  laser  beam  scans  the  surface  of  the  sample  in  the  x-y 
direction.  A  small  pinhole  is  located  in  front  of  the  detector  at  a  position  that  is  optically 
conjugate  to  the  focal  point  in  the  sample  plane.  The  intensity  of  the  tight  reflected  from  the 
sample  on  the  focal  plane  is  measured  by  the  detector  for  each  x-y-position.  Most  of  the  light 
scattered  from  out-of-focus  planes  is  focused  outside  the  pinhole  and,  therefore,  does  not  reach 
the  detector.  This  effect  allows  sharp  imaging  of  a  single  sample  plane  known  as  a  slice.  By 
moving  the  sample  surface  stepwise  through  the  focal  plane  (upwards  and  downwards)  with  a  z- 
scanning  stage,  the  three-dimensional  surface  topography  can  be  calculated  from  assembly  of  the 
slices  recorded  at  each  z-step.  This  assembly  is  known  as  a  stack.  Data  for  surface  roughness, 
surface  profiles  and  pit  depths  can  thus  be  obtained.  In  addition,  a  2-dimensional  (20) 
microscopic  image  with  extended  depth-of-focus  can  be  calculated.  This  process  assigns  a  grey 
level  to  each  image  pixel,  which  corresponds  to  the  brightest  level  at  this  x-y-position  in  all  slices. 

CLSM  is  a  contact-free  method  [8,  22].  CLSM  has  found  extensive  use  in  biology  because  it 
allows  the  three-dimensional  (3D)  in-vivo  monitoring  of  transparent  biological  entities  such  as 
cells  [22],  In  materials  science  it  has  been  used,  for  example,  to  study  defects  in  thermal  spray 
coatings  [23].  The  method  has  recently  been  applied  to  corrosion  studies  on  bare  aluminum  alloy 
2024-T3  (AA  2024-T3)  [8,  9,  24].  It  was  also  shown  to  be  a  powerful  tool  for  the  in-situ  study  of 
underfilm  corrosion  [20]. 


EXPERIMENTAL  PROCEDURES 

CLSM  was  carried  out  using  a  Zeiss  model  LSM  510  microscope.  Imaging  was  performed  with 
an  argon  laser  (488  nm  wavelength).  The  studies  were  conducted  on  1.5  mm  thick  AA  2024-T3 
sheets  (from  Kaiser)  with  the  composition  (major  elements):  Cu  4.5%,  Mg  1.30%,  Mn  0.62%,  Fe 
0.18%,  Zn  0.10%,  Si  0.093%,  (in  wt.  %),  balance  Al.  A  A  2024-T3  coupons  were  cut  from  90  by 
120  cm  sheets  to  squares  of  about  2.5  by  2.5  cm.  One  face  of  the  coupons  was  abraded  with  SiC 
paper  (from  180  up  to  1200  grit),  and  then  polished  with  1  pm  diamond  suspension.  A  thickness 
of  about  0. 1-0.3  mm  of  the  sample  was  removed  during  the  grinding  and  polishing  processes. 

SEM-EDS  (Scanning  Electron  Microscopy-Energy  Dispersive  X-Ray  Spectroscopy)  studies  were 
conducted  on  some  samples  to  identify  and  analyze  the  intermetallic  particles  on  the  surface  with 
a  Jeol  840  SEM  coupled  to  a  Kevex  EDS  system  at  a  voltage  of  20  KV.  Secondary  Electron 
Images  (SEI)  were  generated  in  all  cases.  In  order  to  monitor  the  topography  changes  in-situ,  a 
specially  constructed  flat  electrochemical  cell  was  mounted  on  the  x-y-z-stage  of  the  CLSM.  A 
detailed  description  of  the  cell  can  be  found  elsewhere  [20].  The  electrolytes  were  not  stirred, 
and  there  were  several  nun  of  electrolyte  on  the  substrate  in  the  flat  cell.  Prior  to  the  introduction 
of  any  electrolyte,  areas  of  interest  for  study  were  then  selected  with  the  lOOx  immersion 
objective  lens  of  the  CLSM.  In  some  cases,  some  of  the  surface  features  that  were  studied  were 
first  chosen  with  the  aid  of  the  SEM.  Imaging  of  the  areas  of  interest  commenced  after  the 
introduction  of  electrolyte  into  the  flat  cell,  and  any  changes  in  surface  morphology  were 
monitored  with  time.  0.5  M  NaCl  (pH  6)  was  chosen  as  an  example  of  a  very  corrosive 
environment.  A  solution  containing  0.005  M  NaCl  +  0.1  M  Na2S04  (pH  6)“  was  chosen  for  its 
lower  corrosivity.  This  composition  has  been  used  in  previous  studies  [16,  25,  26].  It  produces 
differences  between  OCP  and  the  pitting  potential  (Epi,)  in  AA  2024-T3  [16].  However,  some 
galvanically  induced  pitting  corrosion  is  still  observed  in  this  electrolyte  because  of  the  close 


This  is  referred  to  as  the  ‘standard  solution’. 


proximity  of  OCP  to  pitting  potential  associated  with  the  Al-matrix  [16],  To  examine  the 
influence  of  the  pH  such  as  seen  under  blisters  on  painted  A1  [19]  0.1  M  Na2S04  +  0.005  M  NaCl 
+  0.0001  M  NaOH  (pH  10,  "alkaline  solution”),  and  0.1  M  Na2S04+  0.005  M  Cf  (as  0.00167  M 
AICI3)  adjusted  to  pH  3  with  H2SO4  ("acidic  solution")  were  also  used. 


Electrochemical  studies  were  performed  on  high  purity  A1  (99.998%),  Cu  (99.999%),  AA  2024- 
T3  and  bulk  synthesized  intermetallic  castings:  A^Cu  (Al-Cu),  A^CuMg  (Al-Cu-Mg),  and 
Al2oCu2(MnFe)3  (Al-Cu-Mn-Fe).  Open  circuit  potential  (OCP)  exposures  followed  by 
potentiodynamic  polarization  experiments  were  performed  in  the  sulfates  based  electrolytes  given 
above,  at  ambient  temperature  in  a  3-electrode  cell  that  was  open  to  lab  air.  Details  are  discussed 
elsewhere  [16,  27].  The  reference  used  was  the  saturated  calomel  electrode  (SCE). 


RESULTS 


a)  SEM-EDS 

SEM-EDS  results  from  bare  polished  surfaces  of  AA  2024-T3  samples  indicated  the  presence  of 
Al-Cu,  Al-Cu-Mg  and  Al-Cu-Mn-Fe  type  intermetallic  compounds.  Al-Cu-Mg  intermetallic 
particles  were  usually  spherical  while  Al-Cu  and  Al-Cu-Mn-Fe  intermetallics  had  blocky  angular 
features  (Figures  la  and  lb).  Clustering  of  distinct  Al-Cu  and  Al-Cu-Mn-Fe  particles  was 
especially  observed. 

Results  from  EDS  analyses  of  the  intermetallics  particles  on  AA  2024-T3  prior  to  electrolyte 
exposure  are  presented  in  Table  1.  Differences  in  apparent  composition  were  observed  amongst 
particles  with  the  same  elemental  constituents.  The  compositions  of  some  of  the  intermetallic 
particles  were  consistent  with  the  stoichiometry  of  the  most  common  intermetallics  in  AA  2024- 
T3,  namely:  e-Al2Cu,  S-Al2CuMg  and  Al2oCu2(MnFe)3.  Others  were  not.  Other  intermetallic 
particles  contained  distinct  regions  with  differing  composition.  In  some  cases,  regions  containing 
an  Al-Cu-Mg  composition  occurred  next  to  regions,  which  predominantly  contained  an  Al-Cu 
composition  (Particles  5  in  Table  1,  and  Figures  la  and  lb).  Si  was  detected  in  some  of  the 
spectra.  Apart  from  the  Si  present  in  the  alloy,  another  possible  source  of  Si  observed  in  the 
spectra  might  be  from  the  SiC  paper  used  in  the  grinding  process. 

b)  Electrochemical  Studies 

Figure  2  compares  the  OCP  values  obtained  after  two  hours  of  immersion  for  the  different 
sjmthesized  IMC  and  AA  2024-T3  in  acidic  (pH  3),  near  neutral  (standard  solution-pH  6),  and 
alkaline  (pH  10)  solutions.  All  data  points  are  the  averages  from  at  least  four  runs.  These  plots 
present  comparisons  in  OCP  in  the  pH  3  (Figure  2a)  and  pH  10  (Figure  2b)  solutions  with  the 
standard  pH  6  solution  as  departures  from  the  diagonal  line.  Measurements  close  to  the  diagonal 
line  indicate  little  or  no  difference  in  OCP.  In  acidic  solution  AA  2024-T3  showed  a  drop  in 
potential  compared  with  the  alkaline  and  near  neutral  solutions  within  two  hours  of  immersion. 
The  OCP  of  AA  2024-T3  was  much  higher  in  the  alkaline  solution  compared  with  the  standard 
solution  probably  due  to  Cu  replating  (Figure  2b).  The  S-phase  showed  no  significant 
dependence  on  pH.  The  OCP  of  Al2oCu2(FeMn)3  was  generally  slightly  more  positive  than  that 
of  AI2CU  in  the  electrolytes.  In  the  acidic  solution,  the  values  both  intermetallics  registered  were 
much  lower  when  compared  with  those  recorded  in  the  near  neutral  and  alkaline  solutions.  The 

OCP  of  A1  was  lower  at  high  pH.  Notably,  a  galvanic  potential  driving  force  existed  in  each 
solution. 

Figures  3a  to  3  f  illustrate  the  overall  E-log  i  behavior  on  AA  2024-T3,  Al,  Cu,  and  the  Al-Cu  Al- 
Cu-Mg,  and  Al-Cu-Mn-Fe  IMC  in  0.1  M  Na2S04  +  0.005  M  NaCl  (pH6),  0.1  M  Na2S04  +  0.005 


M  NaCI  +  0.0001  M  NaOH  (pH  10),  and  O.I  M  Na2S04  +  0.005  M  Cl’  (pH  3)  after  a  2  hour 
exposure  at  OCP.  The  horizontal  lines  shown  in  Figures  3a  to  3d  represent  the  mean  OCP  values 
of  AA  2024-T3  in  the  respective  environments  (the  lines  are  not  shown  in  multiple  pH  plots, 
Figures  3e  and  3f).  In  the  pH  6  solution  (Figures  3a  and  3b),  the  OCP  of  Cu,  the  Al-Cu,  and  the 
Al-Cu-Mn-Fe  intermetallics  are  more  positive  than  that  of  AA  2024-T3  (horizontal  line)  and  far 
more  positive  than  those  of  the  Al-Cu-Mg  intermetallic  compound  and  Al.  The  Al-Cu-Mg 
intermetallic  is  not  passive  at  OCP  and  exhibits  a  high  dissolution  rate  upon  anodic  polarization. 
Figure  3b  shows  that  the  Al-Cu-Mn-Fe  intermetallic  is  passive  near  the  OCP  of  AA  2024-T3  but 
undergoes  pitting  at  potentials  above  it.  AA  2024-T3  pits  at  its  OCP  and  large  pits  have  been 
observed  that  extend  into  its  matrix  beyond  any  IMCs  that  might  serve  as  initiation  sites  [28]. 
Cathodic  kinetics  were  enhanced  on  all  Cu-containing  materials  and  AA  2024-T3  compared  to 
high  purity  Al  (Figure  3a)  as  noted  by  Prior  and  Kier  for  Al  containing  Fe  and  Cu  [5].  The  pH  of 
the  electrolyte  (between  3  and  10)  does  not  alter  the  enhancement  of  cathodic  kinetics  exhibited 
by  the  Cu-containing  intermetallics,  nor  the  relative  position  of  the  OCP  values  when  compared 
with  the  behavior  in  the  pH  6  electrolyte.  The  Al-Cu-Mg  IMC  shows  a  passive  region  in  the  pH 
10  electroljftes  (possibly  due  to  Mg  and  Cu  content)  but  none  at  pH  3  (Figures  3d  and  3e).  AA 
2024-T3  showed  the  presence  of  a  passive  region  in  both  the  pH  3  and  10  electrolytes  (Figure3e). 
No  such  passive  region  is  seen  in  the  pH  6  electrolyte.  However,  it  should  be  noted  that  the  OCP 
of  AA  2024-T3  in  the  pH  3  electrolyte  is  much  lower  than  in  the  pH  6  electrolyte  (Figure  2) 
Anodic  dissolution  on  the  Al-Cu-Mg  IMC  and  AA  2024-T3  proceeds  at  a  faster  rate  in  the  pH  3 
electrolyte  compared  with  the  pH  10  electrolyte  (Figure  3e).  Cathodic  kinetics  also  proceeds  at  a 
faster  rate  on  the  Al-Cu  and  Al-Cu-Mn-Fe  IMC  in  the  pH  3  compared  with  the  pH  10  electrolytes 
(Figure  3f).  Compared  with  the  pH  6  solution,  the  pitting  potential  on  AA  2024-T3  is  lower  at 
pH  3,  and  higher  at  pH  10  possibly  due  to  C170H'  ratio  (Figure  3g).  It  is  now  commonly 
accepted  that  the  conventional  pitting  potential  is  a  measure  of  stabilization  of  micropits  that  may 
have  formed  at  potentials  below  the  pitting  potential  [29,  30].  Nevertheless,  pitting  potentials 
were  determined  using  the  criterion  that  pitting  would  have  occurred  by  the  time  the  anodic 
current  density  of  the  specimen  reached  3  x  10'^  Acm'^  and,  hence,  this  apparent  current  density 
criterion  was  taken  to  be  the  pitting  threshold  for  our  various  systems  [15,  29,  31-33].  It  was  used 
purely  as  a  basis  for  comparison  for  the  susceptibility  of  pitting,  and  bears  no  other  significance. 
Nonetheless,  at  this  ciOTent  density,  enough  anodic  charge  would  have  been  passed  so  that  pitting 
potentials  reflected  pit  stabilization  of  pits  large  enough  to  include  the  matrix  and  not  solely 
dissolution  of  a  small  region  of  S  phase  or  metastable  pitting.  The  cumulative  probability  plots 
(Figure  3g)  were  constructed  using  procedures  reported  elsewhere  [34].  Of  all  the  materials 
tested,  AA  2024-T3  showed  the  most  drastic  changes  in  OCP  and  pitting  potential  as  a  function 
of  pH.  The  mean  OCP  for  AA2024-T3  was  -0.665  ±  0.023  V(SCE),  at  pH  3,  -0.466  ±  0.010 
V(SCE)  at  pH  6,  and  -0.352  ±  0.079  V(SCE)  pH  10,  with  all  error  values  at  a  95%  confidence 
level  (Figures  2a,  2b  and  3g).  Figure  3g  also  shows  bands  (depicted  with  vertical  lines)  for 
regions  where  the  minimum  and  maximum  OCP  values  for  pure  Cu,  and  the  IMC  fall  in  relation 
to  AA  2024-T3  in  the  pH  3,  6  and  10. 

c)  In-situ  CLSM  Studies 


Corrosion  studies  on  bare,  untreated  AA  2024-T3  in  the  four  different  solutions  described  above 
were  performed  with  CLSM.  The  observed  galvanic  corrosion  morphological  features  associated 
with  micron  scale  constituent  particles  could  be  divided  into  four  different  categories:  (i)  particles 
which  corroded,  (ii)  particles  which  caused  trenching  in  the  adjacent  matrix,  (iii)  particles  which 
did  not  corrode  at  all  during  the  time  of  immersion,  (iv)  pitting  near  intermetallic  compounds.  In 
addition  matrix  etching  was  observed  in  acidic  solution. 


Particles  identified  with  EDX  as  Al-Cu-Mg  particles  started  to  corrode  within  ten  minutes  after 
exposure  to  standard  solution.  The  corrosion  behavior  of  the  particle  in  Figure  la  composed  of 
regions  of  Al-Cu-Mg  and  Al-Cu  is  shown  in  Figure  4a  after  2  h  immersion.  The  Al-Cu-Mg  phase 
corroded,  whereas  the  Al-Cu-phase  did  not.  Figures  4b  to  4d  show  the  corrosion  of  the  particle 


from  Figure  lb  at  selected  times.  After  13  minutes,  the  Al-Mg-Cu  phase  already  showed 
corrosion  at  the  surface.  After  40  minutes,  corrosion  attack  had  occurred  on  the  entire  Al-Cu-Mg 
surface  and  had  expanded  into  the  matrix.  The  other  sections  of  the  constituent  particle  remained 
with  slight  indications  of  trenching  in  the  matrix.  After  110  minutes,  other  sites  had  developed 
corrosion  pits  within  the  matrix. 

Different  types  of  localized  corrosion  attack  on  large  intermetallic  particles  were  observed  as  well 
in  the  standard  solution  as  in  0.5  M  NaCl.  In  the  standard  solution,  one  hexagonally  shaped 
particle  started  corroding  at  its  center,  leaving -behind  a  great  deal  of  corrosion  product  (Figure  5). 
The  corroded  area  increased  and  covered  the  entire  particle  within  a  few  hours.  After  the  entire 
particle  was  involved,  attack  of  the  surrounding  matrix  occurred.  Figure  6a  shows  a  rectangular¬ 
shaped  IMC  on  the  AA  20204-T3  surface.  The  attack  on  this  particle  started  with  the  formation 
of  many  tiny  pits  close  to  one  edge  (Figure  6b).  In  the  early  stages,  the  depth  changes  were  too 
small  to  be  resolved  (Figure  6b),  and  the  corrosion  could  only  be  made  visible  by  the  black  spot 
in  the  extended  depth-of-focus  image.  Later  on,  pit  depths  of  >4  pm  could  be  verified.  The 
dissolution  progressed  through  the  rest  of  the  particle  (Figure  6c),  and  the  attack  of  the  matrix 
started  before  the  particle  was  completely  corroded.  Precipitated  corrosion  products  were 
observed  around  and  on  the  particle  (Figure  6d). 

Figures  7a-7c  show  the  formation  of  four  larger  pits  on  an  IMC  exposed  to  0.5  M  NaCl,  of  which 
three  merged  together.  Two  of  these  pits  initiated  at  or  close  to  the  interface  with  the  matrix,  and 
the  other  two  on  the  particle  itself.  The  surroimding  matrix  exhibited  pit  formation,  as  well. 

Figures  7d-7f  show  corrosion  of  a  large  IMC  starting  at  several  locations  along  the  interface  with 
the  matrix.  The  total  area  (particle  +  corroded)  remained  fairly  constant  during  the  exposure 
time.  This  means  that  the  IMC  particle  corroded,  whereas  the  matrix  itself  was  only  slightly 
attacked,  if  at  all  in  the  vicinity  of  this  large  IMC  particle.  Otherwise,  the  total  area  would  have 
increased  with  time.  In  the  upper  left  area,  pit  formation  was  observed,  which  initiated  at  a  small 
particle  and  grew  to  a  size  much  larger  than  the  original  particle. 

Individual  IMC  particles  were  attacked  much  earlier  in  0.5  M  NaCl  solution  compared  with  the 
standard  (pH  6)  solution.  Figure  8  demonstrates  this  difference  by  comparing  the  attacked  areas 
for  the  IMC  firom  Figure  7  and  Figure  5.  Once  corrosion  has  started  also  in  standard  (pH  6) 
solution  significant  corrosion  rates  (slope  of  Figure  8)  can  be  achieved. 

Trench  formation  occurred  around  particles  in  all  electrolytes.  An  example  from  standard 
solution  (pH  6)  is  given  in  Figures  9a  and  9b.  Both  images  show  the  same  particle  surrounded  by 
a  trench  2.5  pm  wide.  The  particle  itself  had  not  been  affected  by  corrosion  at  all  after  1  day  of 
exposure,  still  showing  the  polishing  lines.  The  depth  of  the  trench  was  about  3  pm.  It  was 
observed  that  in  standard  solution  (pH  6),  severe  corrosion  took  place  in  large-sized  indentations’’ 
made  on  a  sample  (~30  pm  diameter).  This  prevented  trenching  at  all  nearby  particles.  These 
nearby  particles  were  both  of  the  Al-Cu  and  Al-Cu-Mn-Fe  types.  The  particles  that  showed 
trenching  had  rather  high  Cu-concentrations  (Table  2),  with  virtually  no  Mn  or  Fe  suggesting  they 
were  Al-Cu.  Indeed,  several  particles  where  no  trenching  occurred  were  identified  by  EDX  as 
Al-Cu-Fe-Mn.  In  some  cases,  the  matrix  around  some  Al-Cu  particles  remained  unattacked  even 
though  these  were  close  to  others,  which  trenched.  In  the  alkaline  solutions  (pH  10),  trenching 
appeared  to  be  the  most  common  form  of  corrosion,  and  sometimes  involved  more  than  a  single 
IMC.  Examples  are  given  in  Figures  9c  to  9e.  Deposition  of  corrosion  products  could  be 
observed  around  all  these  trenched  areas. 


Micro-hole  put  onto  the  metal  surface  that  acted  as  an  identification  marker  for  surface  features  during 
microscopy.  ® 


In  acidic  solution,  trenching  was  observed  as  well.  An  example  is  given  in  Figure  9f.  Even  after 
18  hours  of  exposure,  the  width  of  the  trench  was  only  about  0.5  to  1  ^m,  and  the  depth  (in  so  far 
as  not  obscured  by  corrosion  products)  only  1.3  to  2.3  ^irn.  Figure  9g  shows  an  area  originally 
containing  2  large  IMC  and  a  small  one  in-between,  separated  by  a  thin  strip  of  matrix  material. 
After  72  min  of  immersion  in  0.5  M  NaCl,  one  trench  surrounding  all  three  particles  had  formed, 
and  the  matrix  between  the  IMC  particles  had  corroded.  In  both  alkaline  and  acidic  solutions' 
there  were  particles,  which  did  not  corrode  and  showed  no  trenching  within  the  duration  of  the 
experiment  (~1  day). 

In  several  cases,  a  combination  of  cathodic  trenching  and  anodic  dissolution  was  observed  in  the 
same  IMC  particle  cluster.  This  is  shown  in  Figures  10a  and  10b  for  the  acidic  solution.  Within 
two  hours,  corrosion  ended  on  some  parts  of  the  particle  agglomerate  (black  areas),  whereas  other 
parts  formed  narrow  trenches  with  time. 

Figure  1 1  plots  differences  in  corrosion  rate  in  the  different  electrolytes  when  expressed  by  area 
attacked.  For  this  plot,  the  localized  corrosion  occuring  on  larger  sample  areas  (130  by  130  jim) 
was  monitored  with  time  (instead  of  monitoring  individual  intermetallic  particles  like  in  Figure 
8),  and  related  to  the  total  IMC  areas  present  at  the  beginning  of  the  experiment.  Again,  it  is 
obvious  that  the  corrosion  in  concentrated  chloride  solution  occured  much  more  rapidly  than  in 
standard  solution  (pH  6).  However,  the  influence  of  the  pH  could  not  be  clarified.  Even  for 
different  areas  on  the  same  sample  (pH  10-data)  very  different  corrosion  rates  were  sometimes 
observed.  Sometimes  entire  clusters  of  IMC  showing  similar  behavior  (trenching  or  no  attack  at 
all)  were  observed  in  these  studies. 


DISCUSSION 


The  shapes  of  the  intermetallic  phases  found  by  SEM  are  consistent  with  the  findings  of  other 
authors  [7-9,  13,  15,  35-37].  The  variations  in  the  chemical  compositions  of  the  different  phases 
(Table  1)  could  be  due  to  a  number  of  reasons:  (i)  the  interaction  volume  of  the  SEM-EDS  beam 
may  possibly  be  greater  than  the  volume  of  the  IMC,  resulting  in  signals  also  being  collected 
from  the  Al-matrix;  (ii)  selective  dissolution  during  wet  grinding;  or  (iii)  an  indication  of  more 
than  one  phase  (transitional  phases)  of  these  IMC  being  present  on  the  metal  surface'.  The 
increased  Cu-content  found  after  corrosion  might  be  due  to  Cu  replating  or  dealloying  of  other 
constituents. 

The  SEM-EDX  observation  of  Al-Cu-Mg  and  Al-Cu  phases  adjacent  to  one  another  is  confirmed 
by  the  findings  of  other  authors  who  reported  the  occurrence  of  different  intermetallic  phases  in 
very  close  proximity  to  one  another  [38].  This  proximity  may  have  promoted  the  selective 
dissolution  of  the  AI-Cu-Mg  phase,  whereas  the  Al-Cu  phase  remained  unattacked  for  a  long  time 
(Figure  1,  4).  This  is  in  agreement  with  the  differences  in  OCP  and  E-log  i  behavior  of  the  pure 
phases  (Figures  2  and  3),  which  suggest  that  upon  galvanic  coupling  the  Al-Cu-Mg  phase  should 
undergo  active  dissolution,  whereas  Al-Cu  phases  should  serve  as  a  cathode.  It  is  also  possible 
that  the  proximity  of  the  cathodic  site  even  accelerates  the  corrosion  of  the  Al-Cu-Mg.  The 
corrosion  of  the  matrix  in  the  vicinity  of  this  particle  can  be  explained  by  the  formation  of 
sufficiently  aggressive  pit  solution  to  promote  attack  of  the  Al-matrix.  The  reason  for  the 
mitiation  of  corrosion  (filiform-like)  several  |im  below  the  original  site  of  Al-Cu-Mg  dissolution 
is  unknown  at  this  point  (Figure  4d).  One  possibility  is  that  it  might  have  initiated  at  another 
defect(s)  in  the  matrix,  which  was  not  previously  identified  by  the  imaging  analyses  carried  out 
prior  to  exposure  to  electrolyte. 


'  It  is  possible  that  formation  of  one  constiment  particle  can  serve  as  a  nucleation  site  for  the  next  one. 


Compositional  analyses  of  large-sized  intermetallic  particles  (Figure  5  and  6)  showing  localized 
corrosion  attacks  were  not  performed.  Based  on  the  SEM/EDX  analyses  of  other  samples  and  a 
correlation  between  shape  and  composition,  the  IMC  in  Figure  5  was  probably  of  the  Al-Cu-Fe- 
Mn  type,  whereas  the  IMC  in  Figure  6  could  be  Al-Cu.  Several  factors  might  contribute  to  the 
localized  attacks  on  these  particles.  The  observed  differences  in  local  composition  within  the 
same  particle  (which  have  also  been  observed  by  other  authors  [36])  might  be  one  reason.  This 
compositional  variation  might  lead  to  a  galvanic  couple  within  a  particle  (compare  OCP 
differences  in  Figure  2),  and  initiate  pitting  within  the  particle  (Figure  5,  7a  and  7c),  or 
dissolution  beginning  at  the  interface  to  the  matrix  (Figures  7d  and  7f).  The  pitting  of  the  particle 
as  well  as  the  matrix  in  Figure  7b  might  suggest  the  presence  of  small  defects  with  a  size  close  to 
the  resolution  of  the  microscope  (<  500  nm),  which  serve  as  initiation  sites.  These  may  be  Al- 
Cu-Mg  particles.  Based  on  the  OCP  of  the  Al-Cu  and  Al-Cu-Fe-Mn  phases  (Figure  2)  alone 
pitting  would  not  be  expected  at  the  OCP  of  AA  2024-T3  for  those  particles.  However  corrosion 
attack  on  Al-Cu-Fe-Mn  phases  has  been  seen  before  in  0.1  M  NaCl  [10]. 

The  Al-Cu-Mg  intermetallic  would  still  dissolve  in  a  galvanic  couple  with  the  other  IMC,  Cu  or 
A  A  2024-T3  at  the  pH  values  of  3  and  10  as  shown  based  on  the  OCP  data  relative  to  the  anodic 
behavior  of  Al-Cu-Mg  (Figure  2).  However,  it  should  dissolve  faster  at  pH  3  than  at  pH  10 
(Figure  3 e).  The  Al-Cu  and  Al-Cu-Fe-Mn  particles  will  still  serve  as  cathodic  sites.  The  close 
proximity  of  the  two  different  types  of  particles  can  explain  the  corrosion  features  shown  in 
Figure  1 0,  where  corrosion  of  some  particles  and  formation  of  narrow  trenches  at  the  interfaces  to 
matrix  material  can  be  observed  next  to  each  other. 

Cathodic  trenching  has  been  extensively  discussed  in  the  literature  [I,  3,  8,  10,  11,  17,  18].  It  is 
thought  that  the  local  increase  in  pH  at  the  cathodic  Al-Cu  and  Al-Cu-Fe-Mn  p^cies  attacks  the 
oxide  film  at  the  interface  to  the  alloy  matrix.  In  the  present  work,  it  was  found  that  the 
susceptibility  to  trenching  is  not  the  same  for  all  particles  (Table  2).  The  data  in  Table  2 
suggested  that  Al-Cu  particles  trench  faster  than  Al-Cu-Mn-Fe  in  standard  solution.  This  could  be 
due  to  differences  in  the  cathodic  current  densities  on  Al-Cu,  and  Al-Cu-Mn-Fe  IMC  (Figure  3a) 
However,  present  experimental  data  did  not  show  any  significant  differences  that  could  explain 
the  differences  in  trenching  behavior.  Differences  in  susceptibility  to  trenching  at  particles 
cathodic  to  the  Al-matrix  were  also  observed  in  the  alkaline  and  acidic  solutions.  It  was  not 
confirmed  by  EDX  whether  the  particles  more  susceptible  to  trenching  in  these  solutions  were  Al- 
Cu.  Cleary,  further  investigation  is  still  required  in  this  area  as  selective  trenching  of  particles 
may  have  been  limited  to  only  the  specific  conditions  under  which  the  tests  were  carried  out. 
Trenching  might  depend  not  only  on  the  exact  particle  composition,  and  the  intermetallic 
compound  crystal  plane  exposed,  but  also  on  the  microstractural  and  compositional  details  of  the 
corrosion  processes  in  the  matrix  close  to  each  type  of  intermetallic.  For  instance,  extensive  re¬ 
crystallization  of  small  grains  next  to  the  constituent  particles  could  change  the  corrosion 
properties  of  the  matrix.  It  is  possible  that  acidic  concentration  fields  oppose  alkaline  trenching. 
However,  observations  of  trenching  in  the  acidic  electrolyte  argue  against  this.  The  effect  of  the 
lower  bulk  pH  is  probably  partially  compensated  by  the  larger  cathodic  currents  occuring  under 
acidic  conditions,  which  in  turn  increases  the  local  pH  at  the  IMC  site. 

On  the  bulk  synthesized  IMC,  a  lower  OCP  was  observed  in  acidic  solutions,  and  the  cathodic 
current  densities  were  higher.  Based  on  mixed  potential  theory  an  increase  in  cathodic  current 
densities  alone  would  result  in  a  more  positive  OCP  compared  to  neutral  solutions.  If  the  anodic 
partial  currents  are  larger  in  acidic  solution  too,  a  more  negative  OCP  is  possible.  The  passive 
layer  on  the  compounds  is  probably  thinner  in  a  pH  3  environment,  because  Al-oxides  are  not 
stable  under  these  conditions  [39].  The  same  is  true  for  the  passive  layer  on  the  matrix  of  AA 
2024-T3.  That  is  why  matrix  etching  was  observed  in  the  acidic  STD-electrolyte,  which 
contributes  to  the  faster  rate  of  anodic  dissolution  observed  in  the  electrochemical  experiments 
(Figure  3e). 


As  a  result  of  the  lower  OCP  registered  by  AA  2024-T3  in  the  pH  3  solution  (-0.665  V(SCE)) 
compared  with  the  OCP  in  the  pH  6  solution  (-0.466  V(SCE)),  an  increase  in  the  possibilities  of 
trenching  of  the  AA  2024-T3  matrix  around  the  Al-Cu  and  Al-Cu-Mn-Fe  IMC  particles 
embedded  in  the  AA  2024-T3  matrix  is  predicated  from  Figure  3g.  Following  this  line  of 
reasoning,  this  relative  risk  should  reduce  in  the  pH  10  solution  (-0.352  V(SCE))  due  to  the 
higher  OCP  registered  by  AA  2024-T3.  However,  the  galvanic  couples,  which  exist  on  AA  2024- 
T3,  are  far  more  complicated.  For  instance,  the  data  in  Figure  3g  also  predicts  that  with  regard  to 
these  galvanic  couples,  at  pH  3,  a  slower  rate  of  dissolution  of  an  Al-Cu-Mg  IMC  particle  on  the 
surface  of  AA  2024-T3  should  result,  while  at  pH  10,  the  rate  of  dissolution  should  be  faster. 
However,  data  in  Figure  3e  show  that  the  rate  of  dissolution  is  much  faster  at  pH  3  compared  with 
at  pH  10  thus,  the  smaller  difference  in  potential  between  the  Al-Cu-Mg  IMC  and  the  AA  2024- 
T3  matrix  in  the  galvanic  couple  is  offset  by  its  faster  rate  of  dissolution.  In  addition,  the  Al-Cu- 
Mg  IMC  exhibits  some  degree  of  passivity  at  pH  10,  which  also  counterbalances  the  effect  of  the 
larpr  potential  difference  that  exists  between  the  Al-Cu-Mg  IMC  and  AA  2024-T3  at  this  pH. 
This  might  be  a  contributing  factor  to  the  higher  pitting  potential  exhibited  in  the  pH  10  solution 
by  AA  20204-T3.  The  high  rate  of  dissolution  of  the  Al-Cu-Mg  IMC  might  result  in  the  faster 
formation  of  a  dealloyed  porous  Cu-rich  sponge  and  islands,  which  in  turn  could  promote 
trenching.  The  lower  pitting  potential  (in  spite  of  the  passive  region  exhibited)  of  AA  2024-T3, 
and  the  higher  anodic  and  cathodic  current  densities  exhibited  by  the  IMC  suggests  that  the  pH  3 
solution  is  the  most  aggressive  of  the  three  environments  with  the  same  [CF]  concentration. 

Figure  1 1  shows  that  at  high  chloride  concentration  the  overall  corrosion  rate  as  observed  by 
CLSM  is  much  larger  than  for  0.1  M  Na2S04  +  0.005  M  NaCl  in  the  entire  pH  range  investigated. 
The  differences  for  the  sulfate-based  electrolyte  are  more  subtle  and  show  very  low 
reproducibility.  Agglomerates  of  certain  IMC  compounds  can  sometimes  be  found  on  AA  2024- 
T3  .  This  is  responsible  for  the  low  reproducibility  of  the  data  especially  for  the  pH  10  electrolyte 
(Figure  11):  One  area  had  many  particles  supporting  trenching  and  therefore  showed  a  high 
corrosion  rate.  Other  areas  on  the  same  substrate  (probably  clusters  of  Al-Cu-Fe-Mn  phases) 
showed  a  low  corrosion  rate.  A  window  of  130  x  130  pm  is  statistically  insufficient  to  represent 
the  behavior  of  the  entire  substrate  and  to  analyze  the  influence  of  subtle  changes  in  the 
environment.  Larger  areas  must  be  analyzed,  or,  alternatively,  more  areas  on  one  sample  in 
combination  with  several  samples  would  have  to  be  analyzed  to  strengthen  this  statement. 
However,  the  increase  in  corrosion  rate  at  high  chloride  concentrations  is  so  significant  that  it  is 
clearly  visible  in  the  Figure. 

Based  on  electrochemical  measurements,  corrosion  should  be  the  fastest  in  the  pH  3  electrolyte 
where  matrix  etching  could  be  observed  in  CLSM.  This  could  explain  why  low  pH  blisters 
exhibit  rapid  attack  in  underpaint  corrosion  studies  on  coated  AA  2024-T3. 

CONCLUSIONS 


1.  Variations  in  composition  were  observed  amongst  particles  with  the  same  elemental 
constituents. 

2.  The  composition  of  some  of  the  intermetallic  particles  were  consistent  with  the  stoichiometry 
of  the  most  common  intermetallics  in  AA  2024-T3,  namely:  -A1  jCu,  S-AljCuMg  and 
Al2oCu2(MnFe)3. 

3.  EDS  showed  that  some  agglomerated  intermetallic  particles  contained  more  than  one  phase. 
This  led  to  different  rates  and  morphologies  of  corrosion  attack  within  one  agglomerated 
particle. 

4.  The  Al-Cu-Mg  particles  were  the  most  active  in  all  the  electrolytes  investigated  on  the  bare 
polished  samples  and  corroded  rapidly. 

5.  Corrosion  within  some  intermetallic  particles  was  localized. 


6.  All  Al-Cu  and  Al-Cu-Mn-Fe  particles  do  not  have  the  same  propensity  to  promote  trenching 
of  the  Al-matrix.  Electrochemical  studies  of  synthezised  IMC  suggest,  that  differences  in  the 
cathodic  reaction  rates  on  each  IMC  contribute  to  this  behavior. 

7.  The  morphology  of  initial  stages  of  corrosion  attack  at  the  micro-scale  at  the  intermetallic 
compounds  on  bare  AA  2024-T3  is  similar  in  all  the  electrolytes  investigated.  The  influence 
of  the  bulk  pH  on  effects  caused  by  a  local  pH  increase  can  be  partially  compensated  by  a 
change  in  cathodic  reaction  rate.  Based  on  electrochemical  measurements,  corrosion  should 
be  the  fastest  in  the  pH  3  electrolyte,  where  matrix  etching  could  be  observed  in  CLSM. 

8.  Preliminary  indications  are  that  pitting  in  the  matrix  or  at  small  matrix  particles  is  more 
evident  in  0.5  M  NaCl  than  in  other  solutions  used,  particularly  the  pH  10  solution,  which  is 
supported  by  electrochemistry  on  Al-Cu-Mg  and  2024-T3 . 
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Table  1.  EDS  analyses  (in  At.  %)  of  Table  2.  EDS  analyses  (in  At.  %)  of  intermetallic 

intermetallic  particles  before  exposure  to  particles  after  exposure  to  electrolyte. 

electrolyte. 


20KU  X4,500  lurh  WD37 


Figure  1.  Secondary  electron  SEM  images  of  intermetallic  particles  on  AA  2024-T3  The  three  maior 
types  of  IMC  as  identified  by  EDX  are  showm. 
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Figure  2.  Open  circuit  potentials  of  untreated  99.998%  Al,  AljCuMg,  AA  2024-T3  AI,Cu 
Al2oCu2(MnFe)3,  and  99.999%  Cu  in  0.1  M  Na2S04  +  0.005  M  NaCl  (pH  6)  after  2  hours  compared  with 
those  of  their  counterparts  in  (a)  0.1  M  Na2S04+  0.005  M  CV  (as  0.00167  M  AlClj)  adjusted  to  pH  3  with 
H2SO4,  and  in  (b)  0.1  M  Na2S04  +  0.005  M  NaCl  +  0.0001  M  NaOH,  pH  10 
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^8  Figure  3.  The  E-Iogi  behavior  of  stationary  electrodes 

of  AA  2024-T3,  AI,  Cu,  6-AI2CU  S-Al2CuMg,  and 
Al2oCu2(MnFe)3  at  ambient  aeration  (3a)  Cathodic, 
(including  anodic  A^CuMg  curve),  and  (3b)  anodic,  iii 
0.1  M  Na2S04  +  0.005  M  NaCI;  (3c)  cathodic,  (including 
anodic  Al2CuMg  curve)  in  0.1  M  Na2S04  +  0.005  M  Cl' 
(as  0.00167  M  AICI3)  adjusted  to  pH  3  with  H2SO4;  (3d) 
cathodic,  (including  anodic  Al2CuMg  curve)  in  0.1  M 
Na2S04  +  0.005  M  NaCl  +  0.0001  M  NaOH  (pH  10);  (3e) 
anodic,  AA  2024-T3  and  S-AizCuMg)  in  0.1  M  Na2S04  + 
0.005  M  Cr  (as  0.00167  M  AICI3)  adjusted  to  pH  3  with 
H2SO4  and  0.1  M  Na2S04  +  0.005  M  NaCl  +  0.0001  M 
NaOH  (pH  10);  (3f)  Cathodic,  0-AI2CU  and 

Al2oCu2(MnFe)3  in  0.1  M  Na2S04  +  0.005  M  CF  (as 
EA,..,.,scE,  0.00167  M  AICI3)  adjusted  to  pH  3  with  H2SO4  and  0.1 

u  u-.-  ,  .  ^  Na2S04  +  0.005  M  NaCl  +  0.0001  M  NaOH  (pH  10); 

A  probability  of  the  OCP  and  the  pitting  potential  of  bare  untreated  AA  2024-T3  in  0  1  M  Na^SO..  + 

a005  M  NaCl  (pH  6),  0.1  M  Na2S04  +  0.005  M  CF  (pH  3),  and  0.1  M  Na2S04  0.005  M  NaCl  +  O.ioOl  M  N^^H 
10)  under  ambient  aeration.  There  was  a  2  h  wait  at  OCP  in  all  experiments.  The  vertical  lines  are  the  OCP  indicated  at 
tne  mean  values  attained  amongst  the  3  electrolytes  listed  above  for  each  of  the  IMC,  AA  2024-T3  and  Cu. 
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Figure  4.  Selective  Al-Cu-Mg  corrosion  on  bare  AA2024-T3:  (a)  CLSM  image  of  the  particle  shown  in 
Figure  la  after  2  h  immersion  in  standard  solution,  (b-d)  CLSM  of  the  particle  from  Figure  lb  during 
immersion  in  standard  solution  (immersion  times:  13  minutes  (b),  40  minutes  (c),  and  1 10  minutes  (d)). 


Figure  5.  Intermetallic  particle  corroding  on  bare  AA2024-T3  in  0.1  M  Na2S04  +  0  005  M  NaCI 
Immersion  times:  (a)  17  min  (b)  83  min  (c)  139  min  and  (d)  280  min. 


Figure  6.  Corrosion  attack  on  an  intermetallic  particle  in  0.1  M  Na2S04  +  0.005  M  NaCl  fnH  6)  after  fa^ 
45  minutes  (b)  147  minutes  (c  and  d)  366  minutes. 


Figure  7.  (a  to  c)  Localized  attack  on  IMC  particle  in  0.5  M  NaCI  (bar:  2  pm,  immersion  time  (i.t.):  (a)  0 
(b)  50,  and  (c)  97  mm);  (d  to  0  dissolution  of  IMC  particle  in  0.5  M  NaCl  starting  at  he  interface  to  the 
matrix  (bar:  2  pm,  i.t:  (d)  0,  (e)  22,  and  (f)  65  min).  Pit  growth  at  small  particles  in  the  matrix  is  also  seen. 


0  100  200  300  400 
Immersion  Time  /  min 


Figure  8.  Comparison  of  the  corrosion  rate  (based 
on  the  area  affected  by  corrosion)  of  selected 
intermetallic  particles  on  AA2024-T3  in  0.5  M  NaCl 
(triangles,  squares,  particles  from  Figure  7)  and  0.1 
M  Na2S04  +  0.005  M  NaCl  (circles,  particle  from 
Figure  5).  All  areas  are  given  relative  to  the  particle 
size  before  corrosion.  A  value  of  more  than  100% 
indicated  that  matrix  material  around  the  panicle  has 
corroded  as  well. 
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Figure  9.  Cathodic  trenching  in:  (a,  b)  standard 
solution  (bar:  2  |im,  immersion  times:  1  day);  (c,  d) 
standard  solution,  pH  10  (immersion  time:  8  h),  (e) 
standard  solution,  pH  10  (immersion  time:  9  h),  (f) 
standard  solution,  pH  3  (immersion  time:  18  h,  20 
™>n).  (g)  0-5  M  NaCl  (immersion  time:  72  min). 


Figure  10.  Cluster  of  intermetallic  particles  on  bare  AA  2024-T3,  exposed  to  pH  3  0. 1  M  Na2S04  +  0  005 
1':  (bar:  5  pm,  immersion  times:  (a)  1 10,  (b)  280  min). 


w  of  corroded  area  with  time  in  different  electrolytes:  0.5  M  chloride  (squares)  and  0.1 

M  Na2S04  +  0.005  M  NaCl  of  pH  6  (large  circles),  3  (small  circles),  and  10  (triangles).  The  areas  analyzed 

affected  by  corrosion  is  given  relative  to  the  total  area  of  IMC  visible  in 
the  CLSM  pictures  before  the  onset  of  corrosion.  Open  and  filled  symbols  are  data  from  different  regions 
on  the  same  sample.  ^ 
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Confocal  Laser  Scanning  Microscopy  as  a  Tool  for  In  Situ 
Monitoring  of  Corrosion  Underneath  Organic  Coatings 

O.  Schneider,*  G.  O.  Ilevbare,*  J.  R.  Scully,*  and  R.  G.  Kelly*’" 

Department  of  Materials  Science  and  Engineering,  Center  for  Electrochemical  Science  and  Engineering, 
University  of  Virginia,  Charlottesville,  Virginia  22904-4745,  USA 


This  paper  discusses  the  application  of  confocal  laser  scanning  microscopy  for  the  investigation  of  corrosion  processes  on 
aluminum  alloy  AA2024>T3  occurring  beneath  a  transparent  organic  coating.  The  ability  of  the  microscope  to  monitor  the 
topography  of  both  the  alloy  surface  under  the  coating  and  the  surface  of  the  coating,  itself,  in  three  dimensions,  is  demonstrated, 
^e  resolution  limits  (x,  y,  when  imaging  through  a  bulk  solution,  coating,  and  coating  blister  solution  are  better  than  1  pm. 
The  technique  described  has  potential  to  clarify  the  roles  of  alloy  heterogeneity  and  corrosion  damage  associated  with  intermetal  lie 
phases  at  the  micrometer  scale  on  the  underpaint  corrosion  process  and  coating  blister  formation  and  growth. 

©  2001  The  Electrochemical  Society.  [DOI:  10.1149/1.1413703]  All  rights  reserved. 
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Confocal  laser  scanning  microscopy  (CLSM)  significantly  sur¬ 
passes  the  capabilities  of  common  optical  microscopy  to  measure 
and  quantify  surface  metrology. In  a  typical  CLSM  configuration, 
a  laser  beam  scans  the  surface  of  the  sample  in  x,  y  direction.  A 
small  pinhole  is  located  in  front  of  the  detector  at  a  position  that  is 
optically  conjugate  to  the  focal  point  in  the  sample  plane.  The  in¬ 
tensity  of  the  light  reflected  from  the  sample  on  the  focal  plane  is 
measured  by  the  detector  for  each  x,  y  position.  Most  of  the  light 
scattered  from  out-of-focus  planes  is  focused  outside  the  pinhole 
and,  therefore,  does  not  reach  the  detector.  This  effect  allows  sharp 
imaging  of  a  single  sample  plane,  called  a  slice.  By  moving  the 
sample  surface  stepwise  through  the  focal  plane  with  a  z-scanning 
stage,  the  three-dimensional  surface  topography  can  be  calculated 
from  assembly  of  the  slices  recorded  at  each  z-step.  This  assembly  is 
called  a  stack.  Data  for  surface  roughness,  surface  profiles,  and  pit 
depths  can  thus  be  obtained.  In  addition,  a  2D  microscopic  image 
with  extended  depth-of-focus  can  be  calculated.  This  process  assigns 
a  gray  level  to  each  image  pixel,  which  corresponds  to  the  brightest 
level  at  this  x,  y  position  in  all  slices.  The  CLSM  is  a  contact-free 
method,  with  working  distances  between  sample  and  lens  of  1  mm 
or  more. 

CLSM  has  found  extensive  use  in  biology  because  it  allows  the 
three-dimensional  in  vivo  monitoring  of  transparent  biological  enti¬ 
ties  such  as  cells.  ^  In  materials  science  it  has  been  used,  for  ex¬ 
ample,  to  study  defects  in  thermal  spray  coatings.^  The  method  has 
recently  been  applied  to  corrosion  studies  on  bare  aluminum  alloy 
2024-T3  (AA2024-T3).^-'^ 

One  advantage  of  CLSM  for  corrosion  studies  over  traditional 
methods  like  scanning  electron  microscopy  (SEM)  is  that  measure¬ 
ments  can  be  made  on  the  surface  in  situ  as  corrosion  damage  de¬ 
velops  over  time,  without  serial  removal  and  dry  analysis  under 
vacuum.  Removal  and  drying  virtually  eliminates  the  chance  to  ob¬ 
serve  the  evolution  of  corrosion  damage  at  the  same  surface  hetero¬ 
geneities.  Other  common  techniques  for  studying  surface  topogra¬ 
phies  in  corrosion  like  atomic  force  microscopy  (AFM), 
profilometry,  and  scanning  near-field  optical  microscopy  (SNOM) 
can  be  done  in  situ  but  require  contact  or  at  least  close  proximity 
(tens  of  nanometers)  to  the  surface  to  be  studied,  or  are  based  on 
force  interactions  with  the  surface  to  be  studied.***^  Therefore,  they 
cannot  be  applied  to  the  study  of  corrosion  processes  taking  place 
underneath  a  several  micrometer  thick  organic  coating. 

This  study  shows  that  CLSM  is  able  to  monitor  the  changes 
taking  place  during  corrosion  on  an  alloy  substrate  underneath  a 
transparent  organic  coating  with  three-dimensional  information  (/.e., 
in  a  plane  parallel  to  the  surface  as  well  as  vertically).  Heteroge¬ 
neous  alloys  like  AA2024-T3  suffer  from  corrosion  induced  by  mi- 
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crogalvanic  coupling  of  the  Al-rich  matrix  and  Al-Cu,  Al-Cu-Mg,  as 
well  as  Al-Cu-Mn-Fe(Si)  intermetallic  compound  (IMC)  phases.'^‘^® 
The  measurements  can  be  performed  in  situ.  Therefore,  a  detailed 
quantitative  evolution  of  coating  failure  and  localized  corrosion  be¬ 
neath  organic  coatings  can  be  obtained  without  removing  the  coating 
to  look  at  the  underlying  metal  surface.  ^ 

Experimental 

Studies  were  conducted  on  1.5  mm  thick  AA2024-T3  panels 
(Kaiser  Corp.)  cut  to  squares  of  about  2.5  X  2.5  cm.  One  face  of 
each  panel  was  wet  abraded  with  SiC  paper  (from  180  to  1200  grit), 
and  then  polished  with  1  \im  diamond  suspension  (Buehler).  The 
polished  surface  of  some  panels  was  spin  coated  with  an  epoxy 
polyamide  coating  typical  of  aircraft  primers.  It  was  prepared  by 
mixing  equal  weights  of  Epon  resin  lOOl-CX-75  (Shell)  with  Epi¬ 
cure  3115  X73  curing  agent  (fatty  acid-polyethylenepolyamine 
based  polyamide  mixture,  Shell),  and  adding  5  wt  %  Butylcello- 
solve.  The  samples  were  cured  in  a  desiccator  over  anhydrous 
CaS04  at  ambient  temperature  for  at  least  2  weeks.  The  coating 
thickness  was  determined  by  a  coating  thickness  gauge  based  on 
eddy  current  measurements  (DeFeisko  6000-2)  to  be  approximately 
10  |xm.  The  entire  surface  of  the  coated  AA2024-T3  panels  except  a 
2  X  2  mm  window  was  masked  off  with  a  Miccro  XP2000  lacquer 
(Pyramid  Plastics). 

CLSM  was  carried  out  on  a  Zeiss  LSM  510  microscope  with  a 
100  times  magnification  water  immersion  objective  (Achroplan,  nu¬ 
merical  aperture  1.0).  Imaging  was  performed  with  an  argon  laser 
(488  nm  wavelength).  The  z-step  height  was  0.6  p.m.  The  samples 
were  connected  to  a  specially  constructed  flat  electrochemical  cell 
made  from  poly-methylacrylate,  and  fastened  onto  the  CLSM  stage 
(Fig.  1).  The  cell  allowed  for  immersion  of  the  objective  lens  into 
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Electrolyte  Reference 
\  Electrode 
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Figure  1,  CLSM  setup.  A  100  times  magnification  immersion  objective  is 
immersed  in  the  electrolyte  solution  of  the  electrochemical  cell  holding  the 
epoxy-coated  AA2024-T3  specimen  in  the  configuration  of  a  flat  sheet.  The 
ceil  is  mounted  on  the  microscope  stage.  The  open-circuit  potential  can  be 
measured  with  an  Ag/AgCl  microreference  electrode. 
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Table  I.  Areas  of  four  intermetallic  particles  (//m")  as  deter¬ 
mined  by  CLSM  in  air  and  aqueous  solution  using  the  lOOx  im¬ 
mersion  lens  and  SEM,  The  errors  indicate  the  range  of  values 
measured. 


Table  II.  Areas  of  eight  intermetallic  particles  (//m')  as  deter¬ 
mined  by  CLSM  with  the  water  immersion  lens  in  air  and  in 
aqueous  solution. 


Particle 

CLSM  (air) 

CLSM  (solution) 

SEM 

Particle 

Air 

Solution 

Particle 

Air 

Solution 

1 

17,5  ±  1.7 

1 

15.4 

20.1 

5 

48.2 

64.5 

1 

24.2  ±  2.2 

26.1  ±  3.5 

2 

18.0 

23.6 

6 

15.0 

18.9 

- 

14.8  ±  1.7 

20.5  ±  1.2 

17.9  ±  2.4 

3 

7.4 

11.1 

7 

56.4 

78.0 

3 

4 

14.4  ±  1.9 

8.7  ±  0.5 

18.8  ±  1.3 

II.O  ±  1.2 

16.5  ±  1.4 

11.8  ±  1 

4 

7.8 

10.3 

8 

13.8 

19.0 

the  electrolyte  and  for  its  approach  to  the  sample  surface.  The 
samples  were  immersed  in  either  0.5  M  NaCl  or  0.5  M  NaCI 
+  0.0032  M  HCl  (pH  2.5).  During  measurements,  these  bulk  cell 
solutions  were  refreshed  every  few  hours.  Overnight,  the  cell  was 
covered  with  laboratory  film  to  minimize  evaporation.  Stepwise 
scans  of  the  entire  surface  (referred  to  as  tile  scans,  at  constant  z) 
were  performed  periodically  to  detect  the  onset  of  corrosion.  Be¬ 
cause  the  field  of  view  for  a  single  image  (tile)  is  limited  to  130 
X  130  p,m  with  the  100  times  magnification  objective,  the  stage 
was  moved  stepwise  in  the  x-  or  y-direciion  after  recording  a  tile. 
The  software  assembled  the  rows  and  columns  of  tiles  into  an  image 
of  the  entire  area.  Once  indication  of  corrosion  was  found  at  a  spe¬ 
cific  surface  position,  the  stage  was  moved  to  that  position  and  the 
three-dimensional  surface  topography  was  monitored  with  time  (/.e., 
with  no  .r,  y  movement  of  the  stage).  After  the  end  of  the  experi¬ 
ments,  the  coating  was  removed  from  some  samples,  the  surface 
treated  with  50%  nitric  acid  to  remove  corrosion  products,**  and  the 
sample  imaged  with  a  50  times  magnification  air  objective  (Epiplan- 
Neofiuar)  to  examine  the  final  surface  morphology.  ^ 

Intermetallic  particles  on  uncoated  AA2024-T3  panels  were  stud¬ 
ied  with  CLSM  in  air,  under  immersion  in  O.I  M  Na2S04 
+  0.005  M  NaCl  and  with  SEM  (using  secondary  electron  imag¬ 
ing),  The  areas  of  these  panicles  were  determined  in  the  CLSM 
software  by  approximating  the  interface  panicle/matrix  with  a 
polyline  (a  connected  series  of  straight  line  segments)  until  the  en¬ 
tire  area  was  enclosed.  The  software  then  displayed  the  area  within 
the  polyline.  From  several  trials  for  the  assignment  of  this  polyline 
the  error  in  the  area  measurement  could  be  obtained.  The  procedure 
was  applied  to  SEM  images  by  scanning  the  actual  photographs, 
importing  the  files  into  the  CLSM  software  and  calibrating  the  ob¬ 
tained  area  by  the  apparent  length  of  the  micrometer  bar  in  the  SEM 
image. 

Results 

The  optical  properties  of  the  water  immersion  lens  used  are  tai¬ 
lored  for  application  in  a  medium  with  a  refractive  index  of  1.33 
(water).  IMCs  on  AA2024-T3  could  be  monitored  because  they  had 
slightly  different  reflected  light  intensities  compared  to  the  matrix. 
No  height  difference  between  matrix  and  IMCs  could  be  detected 
before  onset  of  corrosion  (/>.,  less  than  0.6  |uim  if  any).  Before 
quantitative  investigations  of  the  corrosion  processes  underneath  or¬ 
ganic  coatings  could  be  performed,  the  accuracy  of  the  dimensions 
obtained  with  CLSM  had  to  be  verified. 

For  uncoated  AA2024-T3  panels  comparison  of  the  surface  areas 
of  the  same  intermetallic  particles  measured  with  CLSM  under  im¬ 
mersion  in  0.1  M  Na2S04  -f-  0.005  M  NaCl  and  with  SEM 
(Table  I)  showed  that  the  dimensions  obtained  with  CLSM  under 
immersion  are  in  agreement  with  actual  values  determined  by  SEM 
(using  secondary  electron  imaging)  within  7-15%.  It  was  usually 
difficult  to  locate  the  interface  between  matrix  and  particle  exactly 
even  in  the  SEM.  This  led  to  the  errors  of  about  ±10%  in  the 
individual  values  given  in  Table  1. 

Before  immersing  uncoated  AA2024-T3  panels  into  an  electro- 
yte  solution,  selected  areas  of  the  sample  surfaces  were  examined  in 
air  with  CLSM  to  study  the  topography  before  any  corrosion  could 
occur.  These  studies  had  to  be  performed  with  the  water  immersion 


lens  because  the  lenses  of  the  microscope  suitable  for  monilorins  ir 
air  are  too  large  to  be  used  with  the  electrochemical  cell.  Compari¬ 
son  of  the  same  IMCs  before  and  immediately  after  immersior 
showed,  that  the  areas  found  in  air  were  74%  ±  3%  of  the  rea 
values  (Table  I  and  II).  A  similar  comparison  of  pit  depths  showet 
that  dimensions  in  the  c~direction  were  overestimated  by  a  factor  oi 
^^3  when  imaged  in  air  using  a  water  immersion  lens.  In  air,  iht 
contrast  and  the  resolution  (-0.5  |xm)  were  worse  than  in  solution 
and  the  images  were  slightly  blurred. 

IMCs  could  be  monitored  with  high  resolution  through  a  thir. 
layer  of  epoxy,  and  even  through  the  occluded  solution  in  a  coaiinc 
blister.  The  dimensions  obtained  under  the.se  conditions  were  not 
distorted.  This  was  demonstrated  by  monitorine  some  IMCs  in  a 
coating  blister  on  an  AA2024-T3  panel  immens^ed  in  0.5  M  NaC! 
(pH  2.5)  with  the  water  immersion  lens.  After  the  end  of  the  experi¬ 
ments,  the  specimen  was  removed  from  the  cell,  the  organic  coaiinc 
was  stripped  and  corrosion  products  were  cleaned  off.  The  same 
IMCs  were  imaged  in  air,  using  a  50  times  magnification  objective 
optimized  for  use  in  air.  For  a  selected  IMC,  the  areas  found  undei 
both  immersed  and  air  conditions  were  identical  within  29^ 
(80  fjim”). 

All  images  shown  in  Fig.  2,  3,  and  4  were  recorded  under  im 
mersion  of  the  sample  in  0.5  M  NaCl.  Figure  2  shows  a  part  of  the 
AA2024-T3  surface  seen  through  a  10  fxm  thick  epoxy  coating  aftei 
14  d  3  h  of  (continous)  immersion  in  0.5  M  NaCl.  Besides  somi 
corrosion  damage  from  the  wet  polishing  process  (A,  B,  C),  n( 
corrosion  was  visible.  Surface  details  of  a  size  of  —300  nm  couk 


Figure  2.  Selected  area  of  epoxy-coated  AA2024-T3  after  14  davs  3  I 
immersion  in  0.5  M  NaCl.  The  image  contains  information  from  one'samnl. 
plane  only.  The  numbers  indicate  spots  where  later  temp.  Fis.  3)  pits  form 
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^  Extended  depth-of-focus  image  of  epoxy-coated  AA2024-T3 
after  blister  fomiation.  The  area  shown  is  the  same  as  that  in  Fig.  2.  Immer¬ 
sion  time  in  .5  M  NaCl  was  16  days,  7  h.  (b)  Topographic  image  of  the  left 
area  marked  in  a  with  a  box  (35  X  20  |xm),  (c)  Topographic  image  of  the 
right  area  marked  in  a  with  a  box  (30  X  30  p.m). 


Figure  4.  Three-dimensional  image  of  the  coating  dome  over  a  blister  on 
epoxy-coated  AA2024-T3  after  16  days,  21  h  of  immersion  in  0.5  M  NaCl. 


be  distinguished.  Figure  3  shows  an  extended  depth-of-focus  presen¬ 
tation  of  the  same  area  as  well  as  three-dimensional  representations 
of  parts  of  the  area  after  two  additional  days  of  immersion  The 
coating  had  now  failed  locally,  and  a  blister  had  formed  in  the  coat¬ 
ing  over  the  site  where  changes  could  be  seen  in  the  alloy  substrate. 
Several  pits  on  the  metal  surface,  partially  filled  with  corrosion 
product,  were  visible  within  the  blister  (Fig.  3b,c).  They  appeared 
dark  in  the  extended  depth-of-focus  representation.  Some  of  the  pits 
had  originated  at  EMC  particles  (noted  as  1,  2  in  Fig.  3a).  Other  pits 
(3,  4)  initiated  in  the  alloy  matrix  or  at  veiy  small  IMCs  (diameter 
dose  to  or  smaller  than  the  CLSM  resolution  of  ca.  300  nm). 

The  edge  of  the  blister  in  the  coating  could  be  identified  by  the 
fnnge-like  lines  in  Fig.  3a,  which  originated  from  light  reflected 
from  the  top  of  the  coating.  By  increasing  the  detector  gain  and 
selecting  the  z-range  in  a  way  that  the  alloy  surface  was  not  scanned 
it  was  possible  to  monitor  the  surface  topography  of  the  coating 
itself.  The  coating  “dome”  of  the  blister  is  clearly  visible  in  the 
3D-representation  of  Fig.  4. 


Discussion 

The  maximum  resolution  which  can  be  achieved  with  a  given 
microscope  objective  depends  on  its  numerical  aperture  and  the 
wavelength  of  the  light  used,  not  on  the  magnification.*  Any  high- 
quality  immersion  lens  in  laser  microscopy  is  designed  to  be  oper¬ 
ated  in  a  medium  of  a  specific  refractive  index,  n.  Any  substantial 
deviation  from  this  refractive  index  decreases  the  resolution  in  the 
X-,  y-,  and  especially  ^directions,  introduces  imaging  errors  such 
as  sphencal  aberration,'  and  changes  the  area  scanned  by  the  laser 
beam.  In  addition,  the  focal  length  on  the  sample  side  changes,  and 
the  confocal  principle  no  longer  works  well.  The  role  of  lenses  in 
CLSM  is  discussed  in  detail  in  Ref.  1.  The  water  immersion  lens  is 
optimized  for  n  —  1.33.  Use  in  air  (n  =  1.0)  causes  the  systematic 
error  shown  in  Table  I  and  II  (compare  columns  1  and  3).  Imaging  in 
air  was,  therefore,  done  mainly  to  select  areas  of  interest  and  to  get 
preliminary  information  about  the  sample  prior  to  exposure.  The 
refractive  indices  for  0.5  M  NaCl  and  0.1  M  Na2S04  is  very  close 
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to  that  of  water.  Consequently,  all  dimensions  obtained  in  these 
solutions  are  accurate  (Table  I).  The  differences  seen  between  the 
particle  areas  as  determined  in  solution  by  CLSM  and  in  SEM  are 
caused  by  uncertainties  in  determination  of  the  exact  location  of  the 
interface  between  the  particle  and  the  matrix  for  the  individual  par¬ 
ticles,  and  not  by  an  actual  difference  in  the  imaged  object  size. 
Also,  a  clear  organic  coating  does  not  disturb  the  measurements  as 
long  as  it  is  only  a  few  micrometers  thick  (and  as  long  as  the  coating 
blister  does  not  become  too  large  and  no  gas  accumulation  takes 
place  within  the  blister). 

Although  intermetallic  particles  are  known  to  be  critical  in  the 
initiation  and  growth  of  pits  on  uncoated  AA2024-T3,^‘*®  their  role 
in  blister  initiation  and  growth  on  coated  material  is  unclear.  Quan¬ 
titative,  in  situ  investigations  of  coating  defect  evolution  at  the  mi¬ 
crometer  scale  have  been  difficult  due  to  a  lack  of  appropriate  tools, 
but  are  needed  to  answer  questions  concerning  the  role  of  IMCs  in 
underpaint  corrosion.  This  work  shows  that  Q.SM  represents  a  tool 
amenable  to  such  studies  with  an  jc,  y -resolution  close  to  the  theo¬ 
retical  limit  of  300  nm  for  a  wavelength  of  488  nm.^  The 
z-resolution  was  given  by  the  0.6  p.m  steps,  associated  with  move¬ 
ment  of  the  z-stage  during  image  acquisition.  The  acquisition  time 
for  a  single  stack  ranged  between  1  and  4  min  and  was,  therefore, 
short  enough  to  prevent  large  changes  in  the  topography  during 
image  acquisition, 

CLSM  allows  the  surface  of  the  alloy  under  a  transparent  coating 
to  be  imaged  quantitatively,  as  shown  in  Fig.  2  and  3.  The  difference 
in  reflectivity  of  the  intermetallics  relative  to  the  matrix  of  the 
AA2024-T3  made  it  possible  to  detect  them  under  the  intact  coating 
that  allowed  transmission  of  reflected  light  from  the  opaque  metallic 
surface  beneath  the  coating.  The  different  reflectivity  of  IMCs  could 
result  from  the  differences  in  composition  compared  to  the  Al-rich 
raa^x.  Once  a  blister  developed,  the  ability  of  CLSM  to  probe 
inside  the  blister  allowed  the  corrosion  damage  associated  with  the 
intermetallics  to  be  followed,  as  clearly  visible  from  the  3D  images 
in  Fig.  3b  and  c.  Subsequently,  these  capabilities  enabled  the  study 
of  the  corrosion  of  IMC  with  time  once  they  were  incorporated  into 
the  blister  during  its  growth.  Several  factors  can  contribute  to  the 
low  reflectivity  of  the  surface  close  to  the  pits:  the  increase  in  rough¬ 
ness  due  to  the  corrosion  reaction  and  dealloying  {e,g,.  Fig.  3,  pit  4), 
the  replating  of  copper,  and,  in  part,  intensity  loss  by  light  scattering 
through  corrosion  products.  The  last  effect  enables  imaging  of  cor¬ 


rosion  products  accumulated  at  the  edge  of  pits  (^.g.,  Fig,  3,  pit  3)  or 
within  pits  {e.g..  Fig.  3,  pit  2).  Thin  layers  of  corrosion  product 
(<2  p.m)  are  probably  transparent  to  light  in  the  wavelength  used. 

By  changing  the  imaging  conditions,  the  height  of  the  coating 
delamination  and  the  shape  of  the  blister  could  be  monitored. 

Conclusions 

Confocal  laser  scanning  microscopy  can  be  used  for  noncontact, 
in  situ  study  of  corrosion  processes  underneath  transparent  organic 
coatings.  Three-dimensional  information  on  alloy  surface  morphol¬ 
ogy  underneath  a  transparent  organic  layer  with  submicrometer 
resolution  in  x,  y,  and  z  is  obtained.  CLSM  thus  provides  a  tool  for 
studying  the  submicrometer  scale  processes  associated  with  blister 
initiation  and  growth  on  a  heterogeneous  alloy  surface  such  as 
AA2024-T3  in  real  time. 
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Polarization  Resistance  Method 

for  Determination  of  Instantaneous  Corrosion  Rates 


J.R.  Scully* 


ABSTRACT 


The  polarization  resistance  method  for  the  determination  of 
instantaneous  corrosion  rates  of  metals  were  reviewed.  The 
assumptions  in  electrode  kinetics  that  govern  the  connection 
between  the  slope  of  steady-state  applied  electrochemical 
potential-applied  current  density  (Eapp^i^pp)  measurements 
(Le..  the  polarization  resistance)  and  the  corrosion  rate  were 
restated.  Electrochemical  impedance,  as  well  as  statistical 
and  spectral  electrochemical  noise  methods  for  obtaining 
polarization  resistance,  also  were  discussed.  Traditional 
sources  of  error  such  as  high  excitation  voltage  amplitudes, 
insifficiently  slow  voltage  ramp  rates,  high  alternating  cur¬ 
rent  (AC)  frequencies,  inadequate  polarization  hold  periods, 
high  solution  resistance,  presence  of  parallel  reduction- 
oxidation  reactions,  and  nonuniform  current  and  potential 
distributions  were  examined  with  the  goal  of  defining  some 
of  the  conditions  and  circumstances  where  these  complicat- 
ing  factors  are  important.  Other  complicating  factors  such  as 
diffusion-controlled  reactions,  potential-dependent  film  cover¬ 
ages,  and  adsorption  pseudo-capacitance  that  effect 
electrochemical  reaction  rates  were  discussed.  Their  influ¬ 
ence  on  measured  interfacial  resistance  values  and 
subsequent  determination  of  corrosion  rates  was  discussed. 

KEY  WORDS:  current-step  method,  impedance  method, 
instantaneous  corrosion  rate,  linear  polarization  resistance, 
noise  resistance,  polarization  resistance,  potential-step 
method,  potentiodynamic  method,  power  spectral  density, 
solution  resistance,  spectral  noise  resistance 
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INTRODUCTION 


A  variety  of  methods  such  as  electrical  resistance, 
gravimetric-based  mass  loss,  quartz  crystal  microbal¬ 
ance-based  mass  loss,  electrochemical,  and  solution 
analysis  methods  enable  the  determination  of  corro¬ 
sion  rates  of  metals.  The  polarization  resistance 
method,  based  on  electrochemical  concepts,  enables 
determination  of  instantaneous  interfacial  reaction 
rates  such  as  corrosion  rates  and  exchange  current 
densities  from  a  single  experiment.  There  are  a  vari¬ 
ety  of  methods  capable  of  experimentally  determining 
instantaneous  polarization  resistances  such  as 
potential  step  or  sweep,  current  step  or  sweep, 
impedance  spectroscopy,  as  well  as  statistical  and 
spectral  noise  methods.  All  of  these  methods  utilize 
either  two-,  three-,  or  four-electrode  electrochemical 
cells.  Instantaneous  corrosion  rate  information  can 
be  obtained  from  such  relatively  rapid  electrochemi¬ 
cal  measurements  in  short  time  periods.  Other 
methods  such  as  the  electrical  resistance  change  of 
the  solid  electronic  conducting  phase,  gravimetric 
and  quartz  crystal  microbalance  measurements  of 
mass  loss,  and  solution  analysis  to  detect  metallic 
cations  released  into  the  ionic  conducting  phase  all 
provide  historical  or  integrated  information  on  the  in¬ 
stantaneous  corrosion  rates  that  have  occurred  over 
some  period  of  time.  Therefore,  the  derivative  of  mul¬ 
tiple  measurements  over  exposure  time  must  be  used 
to  obtain  rate  information.  Therefore,  instantaneous 
rates  can  not  be  determined  by  a  single  measure¬ 
ment  of  these  types  and  electrochemical  methods,  for 
instantaneous  rate  determination  remain  extremely 
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FIGURE  1 .  E-fog  (f^pp)  data  for  hypothetical  corroding  interfaces  with 
Rp=^  100 n-crrf  and  1 0, 000 Q-crrf  (assumed  hcm^  A)  and (3^  =  Pc- 
60  m  V/decade.  The  two  cases  produced  corrosion  current  densities, 
icon,  of  130ApA/crrf  and  TSpA/crrf,  respectively.  The  Tafef  slopes 
were  obtained  from  dE/dlog  (i^pp)  data  at  high  overpotential  where 
E’Ioq  Oapp)  is  linear .  The  OCP  was  arbitrarily  selected  to  be  0  mV. 


attractive.  However,  numerous  issues  can  make  the 
task  of  extracting  a  polarization  resistance  value 
(that  is  inversely  proportional  to  the  instantaneous 
corrosion  rate)  from  electrochemical  data  a  complex 
one  whether  the  experiment  is  conducted  in  the  fre¬ 
quency  or  time  domains.  The  goal  of  the  present 
study  was  to  review  some  of  these  issues. 

Governing  Electrode  Kinetics 
in  Corrosion  Processes 

The  following  relationship  is  observed  experi¬ 
mentally  between  applied  electrochemical  current 
density  and  potential  for  a  corroding  electrode  in  the 
absence  of  parallel  reduction-oxidation  reactions. 
The  applicability  of  this  simple  relationship  relies  on 
the  presence  of  a  single  charge-transfer-controlled 
cathodic  reaction  and  a  single  charge- transfer- 
controlled  anodic  reaction: 


^app  ^corr 


2.3[e-E  1 

exp 

Pa 

(1) 


where  and  are  the  anodic  and  cathodic  Tafel 
parameters  given  by  the  slopes  of  the  polarization 


This  review  focuses  on  corroding  systems.  However,  the  concept 
of  polarization  resistance  applies  equally  well  to  reduction- 
OMdation  systems.  Here,  the  exchange  current  density  (g  may  be 
calculated  from  the  Rp,  as  defined  below,  where  R  is  the  ideal  ^as 
constant.  T  is  the  temperature,  and  a,  and  are  the  anodic  and 
cathodic  multi-step  electron  transfer  coefficients,  respectively,  for 
the  reduction-oxidation  process. 


Rp[o-cm^j  : 


Ai 


RT  ) 

[E-ErevH> 

curves  (^E/^logi3pp)  in  the  anodic  and  cathodic  Tafel 
regimes,  respectively.  E-log(4pp)  data  that  is  governed 
by  such  kinetics  are  shown  In  Figure  1.  Eeon-  is  the 
corrosion  potential,  E  is  an  applied  potential  such 
that  E-Ecorr  is  AE,  and  Wr  is  the  corrosion  current 
density.  This  relationship  provides  the  basis  for  the 
electrochemical  polarization  technique  as  applied  to 
a  corroding  electrode  at  its  corrosion  potential. 

Derivation  of  the  Polarization  Resistance 

Many  investigators  have  experimentally  observed 
that  i,pp  is  approximately  linearly  related  to  applied 
potential  within  a  few  millivolts  of  polarization  from 
^corr*  Stem  and  Geary  simplified  the  kinetic  eripres- 
sion  to  provide  an  approximation  to  the  charge- 
transfer-controlled  reaction  kinetics  given  by 
Equation  (!)  for  the  case  of  small  overpotentials  with 
respect  to  E^on-''  ®  Equation  (1)  can  be  linearized 
mathematically  by  taking  its  series  expansion  (e.g.. 
e*  =  1  +  X  +  xV2!  +  x3/3!  +  x^/4!..)  and  by  neglecting 
higher  terms  when  AE/3  <0.1.  This  simplified  rela¬ 
tionship  has  the  following  form: 


Rp(G-cm^)  = 


AE 


Ai 


app 


.1-^ 


PaPc 


2.3i, 


on(*^a  +  Pc) 


(2) 


rearranging: 


.  .  1  I  PaPc  ]  B 

is  the  polarization  resistance  given  by 
t=-.  aE=o  (fl-cm^),  and  B  is  a  proportionality 
constant.  Since  charge  transfer  is  assumed  in 
Equation  (3),  Rp  is  equal  to  a  charge-transfer  resis¬ 
tance  The  units  for  Rp  are  ohms  as  obtained 
from  E-Ippp  data  (where  I^pp  is  the  applied  current) 
when  the  applied  current  is  not  normalized  by  elec¬ 
trode  area.  Such  data  must  be  multiplied  by 
electrode  area  to  yield  Rp  (G-cm^).  If  electrode  area  is 
doubled,  then  the  measured  Rp  value  in  ohms  is 
halved,  but  the  intrinsic  polarization  resistance  value 
Rp  (£2-cm^)  would  be  the  same  since  the  electrode 
area  is  doubled.  This  gives  the  result  that  corrosion 
rate  per  unit  area  is  independent  of  electrode  area. 
However,  the  working  electrode  area  must  be  known 
to  calculate  corrosion  rate. 

The  B  factor  is  dominated  by  the  smaller  of  the 
two  anodic  and  cathodic  Tafel  slopes  (b^,  bj,  if  un¬ 
equal.  Therefore,  cathodic  mass  transport  control, 
such  that  bpy^,  results  in  B  =  ba/2.3.  Similarly, 
anodic  mass  transport  control  results  in  B  =  bp/2. 3.^ 
Knowledge  of  Rp,  b^,  and  bp  enables  direct  determina¬ 
tion  of  the  corrosion  rate  at  any  instant  in  time  usino 
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Equation  (3)/-®  i^pp  often  is  approximately  linear  with 
potential  within  ±  5  mV  to  10  mV  of  E^crr  (Figure  2). 
The  slope  of  this  plot  is  AE/Ai^pp.  When  determined 
from  a  tangent  to  the  E-i^pp  curve  at  Eeon-*  as  shown  in 
Figures  2(a)  and  (b),  it  defines  the  polarization  resis¬ 
tance.  Consequently,  this  method  often  is  called  the 
linear  polarization  method  (LPR).  The  slope  at  E^on-  is 
independent  of  the  degree  of  linearity,^  although  the 
extent  of  the  approximately  linear  E-i^pp  region  can 
vary  considerably  among  corroding  systems. 

The  fact  that  the  corrosion  rate  is  inversely  pro¬ 
portional  to  the  Rp  is  seen  clearly  in  Equation  (3). 
Taking  the  logarithm  of  this  equation,  it  is  seen  that 
icorr  vs  log  Rp  is  linear  with  a  slope  of  -1  and  has 
the  intercept  log 


(a) 


lo^Rp)  =  logB-lo^i^^J  (4) 


Stem  and  Wiesert  confirmed  such  a  relationship  over 
a  nearly  6  orders-of-magnitude  change  in  corrosion 
current  density  for  mainy  corroding  systems  and 
for  exchange  current  density  for  many  reduction- 
oxidation  systems.® 

Time  Domain  Methods 

for  Determining  Polarization  Resistance 

ASTM  standards  D-2776®  and  G-59^°  describe 
standard  procedures  for  conducting  polarization  re¬ 
sistance  measurements.  Potentiod)niamic,*^  potential 
step,  and  current-step  methods* 2- all  have  been 
described  to  determine  the  linear  E-iapp  behavior 
of  an  electrode  near  Econ--  Regardless  of  the  method 
utilized,  independent  determination  of  pa  and  still 
is  required. 

Alternative  techniques  exploit  nonlinearity  at 
larger  overpotentials.  Nonlinearity  invalidates 
Equation  (3).  However,  the  nonlinearity,  if  treated 
properly,  can  enable  determination  of  Pa  and  Pc  with¬ 
out  excessive  polarization.  The  Oldham-Mansfeld 
method  calculates  icon-  from  nonlinear  E  vs  igpp  data 
obtained  within  ±  30  mV  of  Ecorr>  without  the  need  for 
high  overpotential  determination  of  p3  and  pc.*^  Com¬ 
puterized  curve  fitting  can  exploit  nonlinearity  to 
calculate  p^  and  pc  from  low- overpotential  data, 
avoiding  the  destructive  nature  of  large  overpoten¬ 
tials.*®  The  Mansfeld  technique  substitutes  Equation 
(3)  into  Equation  (1)  eliminating  icon-*^®  Pa  and  Pc  are 
determined  from  the  best  fit  of  the  resulting  expres¬ 
sion  containing  p3  and  pc  as  unknowns  to  a  nonlinear 
plot  of  AE  vs  2.3iappRp.  Rp  is  determined  in  the  usual 
way  from  the  slope  of  a  linear  tangent  to  the  E  vs  i^pp 
data  at  Econ-  icon-  is  determined  subsequently  from 
Equation  (3)  for  knowm  values  of  Rp,  p^,  and  Pc.  In 
this  technique,  elimination  of  icon-  enables  determina¬ 
tion  of  only  two  unknowns  by  fitting.  Advancements 
in  computerization  enable  a  direct  fit  of  E-i^pp  data  to 
Equation  (1),  but  this  requires  simultaneous  determi- 


Overpotential  (mV) 

(b) 

FIGURE  2.  E-4pp  data  according  to  Equation  (1)  for  hypothetical 
corroding  interfaces  withRp=  100, 1,000,  and  1 0,000 Q-cnf  (assumed 
l-cnf  A)  and  fie  -  SO  mV/decade.  The  three  cases  produced 
corrosion  current  densities  of  130.4,  13.0,  and  1.3  pA/cm^, 
respectively.  Plots  a  and  b  of  the  same  data  provide  different  current 
scales  to  indicate  the  extent  of  nonlinearity  in  each  case. 


nation  of  three  unknowns.  Consequently,  extremely 
high-quality  E-logliapp)  data  that  is  corrected  for 
ohmic  voltage  error  and  does  not  contain  other 
sources  of  overpotential  (i.e.,  mass  transport 
overpotentials)  are  required. 

Electrochemical  Impedance  Methods 
for  Determination  of  Polanzation  Resistance 

Some  of  the  complications  and  sources  of  error 
associated  with  the  polarization  resistance  method, 
such  as  a  high  solution  resistance  and  fast  scan  rate, 
are  explained  more  readily  after  introducing  electrical 
equivalent  circuit  parameters  to  represent  and  simu¬ 
late  the  corroding  electrochemical  interface. The 
impedance  method  is  a  straightforward  approach  for 
analyzing  such  electrical  circuits  and  extracting  the 
values  of  the  circuit  parameters.  The  simplest  form  of 
such  a  model  pertinent  to  a  corroding  interface  is 
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FIGURE  3.  Electricsl  eQuivalent  circuit  models  commonly  used  to 
represent  an  electrochemical  interface  undergoing  corrosion.  Rp,  C* 
Ra,  and  Rp  are  all  potential  dependent,  (a)  Randles-type  circuit 
where  Rp  =  R„  when  there  are  no  mass  transport  limitations; 
electrochemical  reactions  involve  no  absorbed  intermediates  and 
instantaneous  charge-transfer  control  prevails,  (b)  Electrical 
equivalent  circuit  for  a  corroding  metal  containing  a  diffusional 
impedance  parameter  representing  presence  of  a  finite  diffusional 
impedance.  Rp  =  Rq  +  R^  at  the  DC  limit  in  the  case  of  a  finite  mass 
transport  limitation  to  the  reaction  rate,  (c)  Electrical  equivalent 
circuit  for  a  corroding  metal  containing  an  adsorption  Cp  associated 
with  an  adsorbed  intermediate.  In  the  example,  the  charge-transfer 
reaction  rate  is  inversely  proportional  to  fora  transient  period  until 

the  adsorbed  intermediate  coverage  was  formed.  This  situation  is 
described  by  a  resistor  in  series  with  a  capacitor.  Once  the  coverage 
is  formed  creating  an  interphase  that  slows  the  reaction,  the  overall 
reaction  rate  is  given  by  R„  =  R„  +  Rp  at  the  DC  limit 


shown  in  Figure  3(a).  The  three  circuit  parameters 
(Rp,  solution  resistance  [R^J,  and  double-layer 
capacitance  [Cj,))  that  approximate  a  corroding 
electrochemical  interface  are  shown.  arises  when¬ 
ever  an  electrochemical  interface  exists  between 
electronic  and  ionic  phases.  The  circuit  models  de¬ 
scribed  in  Figures  3(b)  and  (c)  describe  cases  where 
diffusional  impedances  and  adsorption  pseudo¬ 
capacitances  occur,  respectively. 

ASTM  standard  G  106  provides  a  standard  prac¬ 
tice  for  verification  of  algorithm  and  equipment  for 
electrochemical  impedance  measurements.^®  The 
standard  also  contains  an  appendix  reviewing  the 
technique.  The  electrochemical  impedance  method  is 
conducted  over  a  range  of  alternating  current  (AC) 
frequencies.  Typically,  a  small-amplitude  sinusoidal 
potential  perturbation  is  applied  to  the  working  elec¬ 
trode  at  a  number  of  discrete  frequencies  (o)).  At  each 
one  of  these  frequencies,  the  resulting  current  wave¬ 
form  will  exhibit  a  sinusoidal  response  that  is  out  of 
phase  with  the  applied  potential  signal  by  an  amount 
depending  upon  the  circuit  parameters  of  the  corrod¬ 
ing  interface  and  vrtll  have  a  current  amplitude  that 
is  inversely  proportional  to  the  impedance  of  inter¬ 
face.  This  electrochemical  impedance  (Z[wJ)  is  the 
frequency-dependent  proportionality  factor  that  acts 
as  a  transfer  function  by  establishing  a  relationship 
between  the  excitation  voltage  signal  and  the  current 
response  of  the  electrochemical  system: 


2(01)  = 


i((0) 


(5) 


where  E  is  the  time  varying  voltage  across  the  circuit, 
E  =  Eo  sin(a)t);  i  is  the  time  varying  current  density 
through  the  circuit,  i  =  i^  sin  ((ot+(t));  Z(<«))  is  the 
impedance  (fl-cm^);  and  t  is  time  (s).  Z(a))  is  a  com¬ 
plex-valued  vector  quantity  with  real  and  imaginary 
components  whose  values  are  frequency  dependent: 

Z(<o)  =  Z'(a))+jZ"(a))  (6) 

where  Z'(a))  is  the  real  component  of  impedance, 
where  Z'(<o)  =  I  Z((o)  I  cos(<t));  Z"(a))  is  the  imaginary 
component  of  impedance,  where  Z"((t))  =  I  Z(o))  I  sin(4)): 
f  is  the  square  of  the  imaginary  number,  or  -1; 

I  Z(<i))  I  is  the  impedance  magnitude  or  modulus, 
where  IZ(a))  I  =  (Z'(a))2+  Z"(a))2)‘&;  and  the  phase’angle 
(4))  =  tan-‘  Z"((i))/Z'(a)).  An  example  of  an  impedance 
Z((i))  vector  with  real  and  imaginary  (capacitive)  com¬ 
ponents  is  shown  elsewhere.*® 

Z(w)  is  a  fundamental  characterisUc  of  the  elec¬ 
trochemical  system  it  describes.  A  knowledge  of  the 
frequency  dependence  of  impedance  for  a  corroding 
system  enables  a  determination  of  an  appropriate 
equivalent  electrical  circuit  describing  that  system. 
Such  a  circuit  typically  is  constructed  from  resistors 
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and  capacitors.  Table  1  shows  the  transfer  functions 
for  resistors,  capacitors,  and  inductors.  The  capaci¬ 
tor  can  be  a  Cdi  or  a  Cji  and  a  pseudo-capacitance 
(C*)  associated  with  an  adsorbed  intermediate. 

Figure  3(a)  illustrates  a  simple  equivalent  electrical 
circuit  model  commonly  used  to  represent  an  actively 
corroding  metal  in  an  aqueous  solution  under 
charge-transfer  control.  The  following  expression 
describes  the  impedance  for  the  simple  circuit 
described  in  Figure  3(a): 


(7) 


where  w  —  27tf  is  the  frequency  of  the  applied  signal 
(rad/s),  f  is  the  frequency  of  the  applied  signal  (Hz), 
and  Cdi  is  the  interfacial  capacitance  (F/cm*).  The 
complex  plane.  Bode  magnitude,  and  phase  plots 
resulting  from  a  circuit  such  as  shown  in  Figure  3(a) 
and  described  by  Equation  7  are  shown  for  three 
different  values  of  rJ,  in  Figure  4.  At  very  low 
frequencies: 


z<^H  =  Rs  +  Rp  (8) 

This  is  because  the  impedance  associated  with  a  ca¬ 
pacitor  approaches  infinity  as  frequency  approaches 
zero,  and  parallel  electrical  circuit  elements  are 
dominated  by  the  element  with  the  smallest  imped¬ 
ance.  Therefore,  the  sum  of  and  Rp  is  measured  at 
zero  frequency;  while  at  very  high  frequencies: 


(9) 


TABLE  1 

Linear  Circuit  Elements 

Commonly  Used  in  Electrochemical  Impedance 

Circuit  Component  Impedance 

Resistor  (R)  =  R 

Capacitor  (C)  2(u))  =  -l/jaC 

Inductor  (L)  Z(o))  =  jwL 


FIGURE  4.  (a)  Bode  magnitude  and  (b)  Bode  phase  angle  plots  for 
a  hypothetical  corroding  interface  using  the  electrical  equivalent 
circuit  model  given  by  Figure  3(a)  with  Rp=  10,  100,  or  1,000  Q,  Co, 
=  1,000  pF,  andRs=  10  n. 


Since  the  algebraic  sum  of  R,  and  Rp  is  measmed 
when  a  direct  current  (DC)  measurement  is  per¬ 
formed  (e.g.,  zero  AC  frequency,  long  hold  time 
during  potential  or  current  step,  or  slow  scan  rate 
approaching  zero),  the  true  corrosion  rate  will  be 
underestimated  by  I  Z(<i))  I  at  the  zero  frequency  limit 
when  R^  is  appreciable  (Figure  5).  However,  Rp  can  be 
determined  in  media  of  high  resistivity  when  Rp  is 
separated  mathematically  from  R*  by  taking  the  dif¬ 
ference  between  Z(<»)  obtained  at  low  and  high  u 
(Rp  =  IZ(a)— »0)  I  -  IZ(a)->co)  I).  In  other  words,  deter¬ 
mination  of  Rp  can  be  achieved  by  subtracting  the 
results  of  Equation  (9)  from  the  results  of  Equation 
(8).  This  is  a  particularly  useful  approach  if  R,  is 
nearly  the  same  value  as  Rp  (Figure  5  for  R^  =  100  D). 
The  need  for  this  subtraction  may  result  from  either 
low  conductivity  environments  or  placement  of  the 
reference  electrode  far  away  from  the  working 
electrode;  in  either  case,  R^  may  become  large.  Con¬ 
versely,  any  experiment  conducted  at  too  fast  a 


voltage  scan  rate  (short  time  or  too  high  of  an  AC  fre¬ 
quency)  causes  the  algebraic  sum  of  the  ohmic 
resistance  and  the  resultant  frequency  dependent 
parallel  impedance  of  the  parallel  resistive-capacitive 
network  to  be  measured.  This  value  will  be  lower 
than  the  sum  of  Rp  and  R,  determined  at  an  infinitely 
slow  scan  rate  or  frequency  because  current  leaks 
through  the  parallel  capacitive  element  at  a  higher 
scan  rate  because  of  its  low  impedance  at  high  fre¬ 
quency.  This  usually  will  result  in  an  overestimation 
of  the  true  corrosion  rate.  These  complications  in 
scan  rate  or  current-step  hold  time  can  be  overcome, 
or  at  least  detected  more  easily,  by  using  the  electro¬ 
chemical  impedance  method."  "®  Corrosion  rate 
determination  in  Equation  (3)  still  requires  knowl¬ 
edge  of  8^  and 

Either  the  anodic  or  cathodic  half-cell  reaction 
can  become  mass-transport  limited  and  restrict  the 
rate  of  corrosion  at  E^n-  The  presence  of  diffusion- 
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Bode  Phase  Plot 


log  Frequency  (Hz) 

(b) 

FIGURE  5.  (a)  Bode  magnitude  and  (b)  Bode  phase  angle  plots  for 
hypothetical  corroding  interfaces  withRp=  toon,  Ca=  100  pF,  and 
FIs  =  1,  10,  or  100  a  using  the  electrical  equivalent  circuit  model  of 
Figure  3(a). 


controlled  corrosion  processes  does  not  invalid  the 
electrochemical  impedance  spectroscopy  (EIS) 
method  but  does  require  extra  precaution  and  a 
modification  to  the  circuit  model  of  Figure  3(a).  In 
this  case,  the  finite  diffusional  impedance  is  added  in 
series  with  the  usual  charge-transfer  parallel  resis¬ 
tance  shown  in  Figure  3(b).  The  transfer  function  for 
the  frequency  dependent  finite  diffusional  impedance 
(Zp)  has  been  described  by:^‘ 


value  of  Zofo))  approaches  the  real  component  of  the 
diffusional  impedance,  Rq,  as  co->0.  The  maximum 
frequency  required  to  obtain  Rd  depends  upon  the 
value  of  s.  The  larger  the  value  of  s.  such  as  when 
le(r  is  large  or  D  is  small,  the  lower  the  frequency 
required  as  illustrated  in  Figure  6.  Rp,  defined  as 
[AE/ Aiapp]  as  to-^0,  is  the  sum  of  Rp,  and  R^  contribu¬ 
tions  to  the  polarization  resistance,  assuming  that 

Rd  +  Rp,  »  R^: 

Rp  =  Rp,  +  RD  (11) 

A  very  low  frequency  or  scan  rate  may  be  required 
to  obtain  F?p  defined  by  Equation  (11)  under  certain 
circumstances  (Figure  6).  Here,  a  Ipff  of  0.1  cm  and 
D  =  10-®  cm^/s  requires  that  a  frequency  <  0.1  mHz 
be  implemented  to  obtain  Rp  from  I  Z(a))  I  at  the  zero 
frequency  limit.  Hence,  a  common  experimental 
problem  for  diffusion-controlled  electrochemical  reac¬ 
tions  is  that  extremely  low  frequency  (or  scan  rates) 
are  required  to  complete  the  measurement  of  Rp. 

When  Rp  is  defined  by  Equation  (1 1),  the  Stem 
approximaUon  of  Equations  (2)  and  (3)  must  be 
modified  to  account  for  the  Tafel  slope  for  the  anodic 
or  cathodic  reactions  under  diffusion-controlled  con¬ 
ditions  (i.e.,  p— >oo).  In  fact.  Equation  (1)  becomes 
invalid.  Moreover,  it  has  been  argued  that  the  use  of 
Rp  in  the  Stem  equation  breaks  down  in  the  case  of 
mixed  or  partial  diffusion  control. 

Another  relevant  situation  to  corrosion  rate  de¬ 
termination  occurs  when  an  adsorbed  intermediate 
participates  in  the  overall  reaction  process  (Figure 
3(cl).“  Here,  R.,  is  a  faradaic  resistance  proportional 
to  a  charge-transfer  process  that  occurs  instanta¬ 
neously  given  a  certain  adsorbed  intermediate 
coverage.  Rj  and  Cji  have  their  usual  meanings.  C* 
is  a  new  capacitance  term  that  depends  upon  the 
change  in  the  charge  stored  in  the  adsorbed  interme¬ 
diate  film  resulting  from  a  gradual  change  in  the  film 
coverage  with  potential.^  The  adsorbed  film  has  a 
charge  associated  with  it  in  this  case  because  it  is 
formed  by  a  charge-transfer  process.  Recall  that  the 
source  of  any  fixed  capacitance  is  a  charge  that  is 
proportional  to  potential.  Hence,  the  rate  of  change  of 
surface  charge  is  proportional  to  the  rate  of  change 
in  interfacial  potential.  The  capacitance  (C)  is  the 
proportionality  factor  that  is  independent  of  the  rate 
of  change  in  charge  or  potential  assuming  a  fixed 
capacitance:* 


ZdH  =  rJ 


tanhY/(jcos) 

(10) 

fdt] 

fdqx] 

1  x/R  1 

c  =  j 

[dEj  1 

IdEj 

[dtj 

(12) 


Here,  s  where  l^ff  is  the  actual  finite  diffusion 

length  and  D  is  the  diffusion  coefficient  of  the  diffus¬ 
ing  species  that  limits  the  interfacial  reaction.  The 


In  the  case  of  a  double-layer  capacitance,  Ca,  =  dq^,/ 
dE.  For  C*  =  dqp/dE.  Here,  qp  is  the  charge  to  form 
the  surface  film  of  sui  adsorbed  intermediate,  for  ex- 
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ample,  qp  -  q^O,  where  0  describes  the  fractional 
surface  coverage  by  the  film  (assumed  to  be  one 
monolayer  thick),  and  q^  describes  the  charge 
required  to  form  one  monolayer: 


^dE^dtj 


(13) 


Hence.  differs  from  C^i  since  the  former  involves 
charge  transfer  to  create  the  change  in  surface 
charge.  The  latter  involves  a  charge  balance  across 
an  electrochemical  interface  brought  about  by  rear- 
rangement  of  ions  in  solution  in  response  to  a 
change  in  excess  charge  in  the  metal.^  Therefore,  Cdi 
requires  no  charge  transfer.  The  adsorption  ap¬ 
pears  in  the  circuit  model  as  a  physically  justified 
capacitance  that  behaves  just  like  a  capacitor 
should:  it  allows  passage  of  an  AC  signal  but  pro¬ 
vides  an  infinite  resistance  to  a  DC  signal.  The 
physical  significance  of  this,  when  placed  in  series 
with  a  resistor,  is  that  it  allows  a  transient  current 
flow  when  the  potential  is  shifted  until  the  coverage 
reaches  the  equilibrium  value  defined  by  the  new 
potential.  If  the  reaction  still  proceeds  at  a  new 
steady-state  rate  after  the  coverage  has  formed,  this 
can  be  described  by  placing  a  second  resistor  in  par¬ 
allel  with  C*.  In  this  example,  the  charge -transfer 
reaction  rate  and  coverage  are  assumed  to  increase 
with  potential,  with  increasing  coverage  acting 
against  the  overall  reaction  rate.  In  this  case,  the  in¬ 
terphase  acts  as  an  added  resistor  such  that  I  Z(a))  I 
at  the  zero  frequency  limit  is  equal  to  +  Rp  +  R^^. 
Therefore.  Rp  and  are  both  potential  dependent, 
and  Rp  +  R^,  yields  Rp  if  R^  is  minimal.  As  the  fre¬ 
quency  of  an  AC  signal  increases,  the  coverage  can 
no  longer  change  with  potential,  and  approaches 
zero.  Since  the  coverage  is  frozen,  de/dE  approaches 
zero  and  the  interface  can  be  represented  by  a  sim¬ 
plified  Randles’  circuit  where  Ca,  is  parallel  to  R^^ 
is  therefore  a  charge -transfer  resistance  inversely 
proportional  to  the  charge- transfer  reaction  rate  at 
zero  or  frozen  coverage. 

Electrochemical  Noise  Resistance 

Electrochemical  noise  analysis  can  provide  a  pa¬ 
rameter  called  the  electrochemical  noise  resistance 
(Rn).^^  It  is  desirable  to  utilize  this  parameter  in  an 
analogous  fashion  as  the  polarization  resistance.  One 
electrode  configuration  that  enables  such  a  measure¬ 
ment  involves  connecting  a  zero  resistance  ammeter 
between  two  nominally  identical  corroding  electrodes 
immersed  in  the  same  solution.  A  third,  nominally 
identical  electrode  can  be  Immersed  in  solution  and 
connected  to  the  first  two  using  a  high  impedance 
voltmeter.  This  electrode  serves  as  a  “noisy”  psuedo- 
reference  electrode.  This  approach  is  attractive  in 
field  applications  because  of  the  more  rugged  nature 


Bode  Phase  Plot 


log  Frequency  (Hz) 
(b) 


FIGURE  6.  (a)  Bode  magnitude  and  (b)  Bode  phase  angle  plots  for 
hypothetical  corroding  interfaces  with  =  100  a,  =  1,000  Q, 
Ca  =  100  pF,  Rs  =  10  Q,  Igff  =  0.1  cm,  and  D  =  70"^  10-^,  and 
10~^  cnf/s  using  the  electrical  equivalent  circuit  model  of  Figure  3(b). 


of  the  metallic  electrode  compared  to  laboratory  ref¬ 
erence  electrodes  but  complicates  the  analysis 
because  two  uncorrelated  potential  sources  (i.e,,  from 
the  couple  and  the  psuedo-reference)  are  measured 
in  the  collection  of  potential  noise  (VJ,  Since  = 

fV'n(couple)  '^n{meas)  mUSt  bC  divided  by  ^2^° 

to  yield  Another  alternative  is  a  four-elec¬ 

trode  arrangement  where  the  first  pair  is  coupled 
through  a  zero  resistance  ammeter  to  monitor  cur¬ 
rent  and  the  second  pair  is  connected  with  a 
high-impedance  voltmeter  to  sample  an  uncorrelated 
Vn(coupie)-  Alternatively,  a  less  noisy,  conventional  refer¬ 
ence  electrode  may  be  utilized  in  the  three-electrode 
arrangement.  In  this  case,  and  are  corre¬ 

lated,  where  is  the  electrochemical  current  noise. 
The  reference  electrode  noise  can  be  defined  sepa¬ 
rately  as  the  electrochemical  voltage  noise  between 
two  nominally  identical  reference  electrodes.^^  If  the 
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reference  electrode  noise  is  low,  then  the  V2  correc¬ 
tion  factor  is  not  needed.  In  either  cas  he  third 
electrode  (reference  electrode)  is  conn  d  to  the 
first  two  via  a  high-impedance  voltme  These  ar¬ 
rangements  enable  simultaneous  recc  ng  of  the 
galvanic  current  with  time  and  the  galvanic  couple 
potential  versus  time.  The  standard  delation  of  the 
voltage  noise  divided  by  the  standard  deviation  of  the 
current  noise  has  been  proposed  to  yield  a  statistical 
parameter  called  the  noise  resistance  (Rn).23-3o.32 
ther  analysis  of  simulated  noise  data  has  led  to  the 
conclusion  that  the  ratio  of  the  standard  deviations 
of  the  current  and  voltage  noises  measured  between 
two  identical  electrodes  can  be  normalized  by  surface 
area  by  multiplying  by 


where  av(meas)  is  the  standard  deviation  of  the  voltage 
noise,  a ^mcas)  is  the  standard  deviation  of  the  current 
noise,  and  and  Ai  are  the  surface  areas  of  the  elec¬ 
trodes  used  for  voltage  and  current  measurement, 
respectively.  Correlations  between  this  parameter 
and  conventionally  determined  Rp  and  mass- 
loss-based  corrosion  rates  have  been  obtained.^*^-^® 
Unfortunately,  experimental  confirmation  of  the  area 
normalization  factor  has  not  been  performed  exten¬ 
sively.  Recall  that  in  the  case  of  a  Rp  determined  from 
E-iapp  data  or  EIS  data  at  the  zero  frequency  limit, 
measured  resistance  can  be  multiplied  by  electrode 
area  and  will  yield  the  same  area  normalized  Rp  over 
a  broad  range  of  electrode  areas. 

Moreover,  the  correlation  has  lacked  a  rigorous 
fundamental  foundation  for  correlating  R^  with  corro¬ 
sion  rate,  despite  the  intuitive  connection  between 
CTv  and  (Ti  given  by  the  proportionality  factor  R^.  It  is 
clear  that  the  surface  of  one  freely  corroding  elec¬ 
trode  could  be  divided  into  areas  that  experience 
fluctuations  in  interfacial  resistance  that  produce 
changes  in  anodic  and  cathodic  half-cell  reaction 
rates  in  any  one  patch.  The  electrode  potential  must 
change  then  in  each  patch  to  drive  the  half-cell  reac¬ 
tions  such  that  the  sum  of  all  the  anodic  half-cell 
currents  from  all  patches  equals  the  sum  of  all 
cathodic  half- cell  currents,  regardless  of  whether  the 
source  of  cathodic  half-cell  current  is  from  capacitive 
discharge  or  electrochemical  reaction.^  Some  global 
change  in  potential  also  occurs  on  the  electrode.  If 
the  first  electrode  is  now  connected  to  a  second  elec¬ 
trode  whose  interfacial  properties  and  global 
electrode  potential  do  not  change  on  their  own  at  the 
same  instant  in  time  and  by  the  same  degree  as  on 
the  first  electrode,  then  a  galvanic  cell  is  created 
momentarily,  which  induces  a  further  difference  in 
anodic  and  cathodic  half-cell  currents  on  the  first 
electrode.  Current  now  flows  between  the  first  and 


second  electrodes  such  that  the  sum  of  anodic  and 
cathodic  half- cell  currents  over  all  patches  on  both 
electrodes  is  equal.  When  the  interfacial  resistances 
return  to  normal  values  over  all  patches,  the 
potential  difference  between  the  two  electrodes  is 
eliminated  and  so  Is  the  measurable  current  between 
the  two  electrodes.  Bertoccl  argued  that  the  external 
current  fluctuation  measured  between  two  identical 
t  lectrodes  is  Identical  to  the  fluctuation  in  one  elec¬ 
trode.^®'^®  Others  have  argued  using  concepts  of 
mixed  potential  theory  that,  at  worst,  the  current 
sampled  is  only  one  half  of  the  total  for  equal-sized 
electrodes. 

Theoretical  relationships  establishing  the  con¬ 
nection  between  Rn  and  Rp  have  been  sought  by 
several  researchers, but  their  validity  has  been 
questioned.  A  great  concern  has  been  that  the  largest 
current  peaks  would  occur  during  the  most  rapid 
voltage  fluctuations  since  the  electrode  interface  con¬ 
tains  a  capacitance  through  which  current  can  be 
shorted.®®'29  Thus,  when  voltage  fluctuations  are 
rapid,  the  measured  noise  current  will  be  shorted 
through  the  interfacial  capacitance  assuming  a 
simple  electrical  equivalent  circuit  model  consisting 
of  a  two-parallel  resistor-capacitor  network  describ¬ 
ing  the  interface  for  each  electrode  connected  in 
series  through  R^.  This  situation  would  lead  to  the 
lowest  impedance  between  the  two  electrodes  during 
the  most  rapid  voltage  fluctuations  that,  in  turn, 
produce  the  greatest  current  fluctuations.  The 
theoretical  maximum  measured  current  would  be 
given  by  the  voltage  fluctuation  divided  by  R^.  The 
outcome  would  be  a  statistical  R„  parameter  that  is 
proportional  to,  or  heavily  influenced  by  higher  fre¬ 
quency  data.  Indeed,  R„  is  found  to  equal  an  absolute 
impedance  at  some  frequency  that  depends  on  the 
frequency  of  the  voltage  fluctuations  and  the  resis¬ 
tive-capacitive  (RC)  time  constant  of  the  electrode 
interface  in  one  study  of  simulated  noise.^®  Unfortu¬ 
nately,  a  Rn  value  obtained  at  high  frequency  would 
be  smaller  in  magnitude  than  the  Rp  obtained  at  the 
zero  frequency  limit.  Hence,  it  would  not  represent 
the  desired  zero  frequency  limit  interfacial  resistance. 
Rp.  Indeed,  such  underestimations  in  the  true  value 
of  Rp  have  been  observed  experimentally. ®®  ®2 

Recently,  a  more  rigorous  theoretical  and  experi¬ 
mental  analysis  has  been  made  comparing  the 
spectral  noise  resistance  (Rsnfco])  obtained  at  each  fre¬ 
quency  with  the  Rp  obtained  from  the  zero  frequency 
limit  of  impedance  data  I  Z(o)  =  0)  I .  as  well  as  the 
frequency  dependent  impedance  of  two  electrodes.®^*^^ 
The  spectral  noise  resistance  (Rsnlw))  is  determined  by 
taking  the  square  root  of  power  spectral  density  of 
the  voltage  noise,  VpsD.  fV^/Hz)^^^  and  dividing  it  by 
the  square  root  of  power  spectral  density  of  the  cur¬ 
rent  noise,  IpsD»  {A^/HzV^^  at  each  frequency  using  the 
same  two  electrode  arrangement  as  discussed 
aboveri®^^ 
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Rsnlc^j)  is  proportional  to  the  magnitude  of  the  cell 
impedance.  I  Z((o)  I ,  in  the  two-electrode  arrange¬ 
ment.  The  proportionality  factor  is  unity  in  the 
case  of  identically  sized  electrodes  in  a  two-electrode 
cell  with  identical  impedances  and  a  noiseless  refer¬ 
ence  electrode.^-"'  Therefore,  the  R,„(a))  at  the  zero 
frequency  limit  could  equal  the  interfacial  impedance 
at  the  zero  frequency  limit  I  Z(co  =  0)  I  in  the  theoreti¬ 
cal  case  of  identical  electrode  impedances  with 
negligible  R,.  Figure  7  illustrates  data  for  identical 
iron  electrodes  in  1  M  sodium  sulfate  (Na2S04)  with 
an  iron  reference  electrode.  Here.  R,„{w)  =  V3  IZM I 
resulting  from  the  noisy  reference  electrode  (RE). 
Thus.  2  I  Z(<<))  I  and  Rs„(<i))  appear  to  be  similar.  It  is 
well  known  that  in  many  instances  I  Z(a)  =  0)  I  equals 
Rp.  Even  R„  may  equal  Rp„(c>)  =  0)  =  IZ(ci)  =  0)  I  =  Rp  if 
I  Z(co)  I  equals  Rp  in  the  frequency  regime  dominating 
the  R„  value.  The  frequency  range  dominating  the  R„ 
value  is  determined  by  several  factors,  but  this  state¬ 
ment  is  more  likely  to  be  true  if  IZ(a))  I  and  R^plo)) 
exhibit  long  low-frequency  plateaus  over  a  broad 
frequency  range  that  encompasses  the  f^p,  and  fs 
utilized  in  the  R„  measurement.  Here,  is  given  by 
the  total  sampling  time  (T),  where  f„pn  =  1/T  and  f, 
equals  the  data  sampling  rate.  R^  typically  varies 
with  f^  and  underestimates  IZ(a)  =  0)  I .  Unfortunately, 
Rs„(a)->0)  does  not  equal  Rp  in  the  zero  frequency  limit 
under  many  other  conditions,  such  as  when  log 
(Rs/Rp)  >  0  or  in  the  case  of  very  noisy  reference  elec- 
trodes.''°‘=>  Moreover.  R^Joi)  can  be  dominated  by  the 
properties  of  the  high-impedance  electrode  in  the 
case  of  dissimilar  electrode  impedances  that  are 
equally  noisy,  but  this  is  not  eilways  the  case.  For 
instance,  the  low-impedance  electrode  in  a  two- 
electrode  cell  with  a  third  reference  electrode  can  be 
sensed  by  R^nCa))  if  the  higher  impedance  electrode  is 
much  noisier  than  the  low-impedance  electrode. 

Recent  attempts  have  been  made  to  address  circum¬ 
stances  where  R^ptw)  lies  between  IZ(a>)  I ,  and  IZ(a))  I2 
representing  the  impedance  values  of  the  high-  and 
low-impedance  electrodes.  Methods  have  been 
suggested  for  sensing  the  current  fluctuations  on 
both  electrodes/^ 

Complications  With  Polarization 
Resistance  Measurements 

Error-producing  complications  related  to  the  po¬ 
larization  resistance  method  and  possible  remedies 
are  reported  in  the  literature.  ‘5.43-48  The  most  com¬ 
mon  errors  involve  invalidation  of  the  results  through 
oxidation  of  some  other  electroactive  species  besides 
the  corroding  metal  in  question:  a  change  in  the 
open-circuit  or  corrosion  potential  during  the  time 
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Frequency  (Hz) 


FIGURE  7.  R,„(<o)  vs  frequency  compared  to  two  times  the  impedance 
IZ(w)l  i/s  frequency  for  two  iron  electrodes  in  1 M  Na^SO^  at  pH  4  with 
3  noisy  iron  reference  eiectrode.  Impedance  measurements 
performed  in  a  two-electrode  cell  yielded  2IZ(a>)l.  RJw) = V3/ZH/  for 
the  case  of  three  “noisy"  electrodes.^'  (Reproduced  by  permission  of 
The  Electrochemicai  Society,  Inc.) 


taken  to  perform  the  measurement:  use  of  AE  that  is 
too  large,  invalidating  the  assumption  of  a  linear  re¬ 
lationship  between  i^pp  and  E  required  by  Equation 
(2)  (i.e.,  AE/3  <  1):  too  fast  of  a  voltage  scan  rate  or 
insufficient  potential  hold  time:  ohmic  solution  resis¬ 
tance:  and  current  and  potential  distributions. 

Oxidation  or  Reduction 

of  Some  Other  Electroactive  Species 

If  the  E„,t  of  the  corroding  system  is  close  the  re¬ 
versible  electrode  potential  of  the  anodic  or  cathodic 
reactions  or  near  the  reversible  electrode  potential  of 
any  other  redox  process,  then  the  corrosion  rate 
likely  will  be  overestimated  because  electrochemical 
reactions  occur  in  parallel  to  metal  dissolution.  This 
situation  can  be  ascertained  experimentally  with  the 
use  of  any  noncorroding,  readily  polarizable  electrode 
such  as  platinum,  gold,  or  high-density  graphite. 
These  materials  have  a  low  corrosion  rate  in  most 
aqueous  solutions  and  will  assume  a  redox  potential 
that  is  governed  by  the  dominant  parallel  reduction- 
oxidation  processes  occurring  in  the  system.  If  the 
corrosion  potential  of  the  corroding  metal  is  very 
close  to  the  redox  potential  of  such  an  electrode,  then 
Ecoit  may  be  close  to  a  reversible  electrode  potential. 
The  error  in  estimation  of  the  corrosion  rate  depends 
upon  the  exchange  current  density  for  the  redox  pro¬ 
cess,  Pa.  Pc.  and  the  difference  in  potentials 
between  and  the  reversible  electrode  potential  in 
question.^  A  cyclic  voltammogram  on  the  platinum 
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Tafel  Slope  Sum  (pa  +  Pc) 


FIGURE  8.  Second  derivative  of  E-i^pp  data  (cFi^pp/cFE)  vs  the  sum 
(Pa  -f-  Pc)  for  iporr  =  1.305,  13.05,  and  130.5  juA/crrf,  indicating  that 
curvature  of  E-i^pp  data  is  a  function  of  corrosion  rate  and  Tafel 
parameters. 


electrode  may  reveal  the  approximate  reaction  rate  of 
any  parallel  redox  process  over  the  potential  range  of 
interest. 

Deviations  from  Linearity 
Near  the  Open-Circuit  Potential 

Deviations  from  linearity  have  been  discussed  in 
the  literature/®'^  At  issue  is  the  question  of  when  the 
range  of  AE  is  small  enough  such  that  the  higher 
terms  in  the  series  expansion  of  Equation  (1)  reason¬ 
ably  can  be  neglected.  This  requires  that  AE/p  «  1. 
Clearly,  the  extent  of  the  E-i  region  where  Equation 
(2)  is  a  good  approximation  of  Equation  (1)  depends 
on  the  values  of  p^  and  P^..  An  approximately  linear 
region  can  be  restricted  to  ±  2  mV  for  low  values  of  pa 
and  Pe  and  can  be  >  60  mV  for  high  values.  This  cur¬ 
vature  has  been  described  mathematically  as:"^® 

I 


Therefore,  the  extent  of  the  curvature  will  depend 
upon  icon-*  which  itself  depends  on  B/Rp  and  is  in¬ 
versely  proportional  to  the  squares  of  Pa  and  p^. 
Hence,  the  curvature  will  be  greater  for  smaller 
(Figures  2  and  8).  and  smaller  values  of  Pa  and  p^. 
Obviously,  the  linear  regions  will  differ  for  anodic 
versus  cathodic  polarization  if  differing  values  of 
Pa  and  Pc  exist.  Of  course,  the  Rp  always  is  obtained 
properly  from  the  tangent  of  the  E-iapp  data  in  the 
vicinity  of  E^orT-  Stated  another  way,  there  always  will 
be  finite  curvature  associated  with  the  true  governing 
electrode  kinetic  expression  given  by  Equation  (1) 
when  plotted  as  E  vs  iapp  (Figure  2).  Since  the  E-iapp 
behavior  of  the  corroding  electrode  will  have  a  finite, 
albeit  small  curvature,  the  presence  of  persistent  lin¬ 
earity  over  a  significant  potential  range  may  be  a  clue 
that  ohmic  voltage-controlled  E-i  behavior  exists.  '*® 


^  1  I  ^ 

+ 


^(^3/2.3)"  (pe/2.3)' 


(16) 


A  second  related  issue  is  the  asymmetry  in  the 
E-i  response  near  Econ-  for  different  values  of  Pa  and 
Pc.  Corrosion  involves  a  cathodic  electron  transfer 
reaction  that  is  different  from  the  metal  oxidation 
reaction.  Therefore,  there  is  no  fundamental  reason 
why  Pa  and  p^  should  be  equal  and  they  should  be  ex¬ 
pected  to  differ.  The  extent  of  their  difference  defines 
the  degree  of  asymmetry.  Asymmetry  matters  be¬ 
cause  the  extent  of  the  region  where  Equation  (2)  is  a 
good  approximation  of  Equation  (1)  then  differs  for 
anodic  compared  to  cathodic  polarization.^®  The  er¬ 
rors  in  assuming  ±10  mV  linearity  using  the  tangent 
to  the  E-iapp  data  at  Econ-  and  for  10  mV  or  -10  mV 
potentiostatic  polarizations  has  been  defined  for  dif¬ 
ferent  Tafel  slopes.®^ 

Voltage  Scan  Rate,  AC  Frequency,  or  Hold  Time 
During  Potential  or  Current  Step 

Capacitive  current  can  result  in  hysteresis  in 
small  amplitude  cyclic  voltammogram  E-iapp  plots. 
Hysteresis  in  the  current  density- applied  potential 
plot  is  brought  about  by  combinations  of  high-voltage 
scan  rate,  large  interfacial  capacitances,  and  large 
polarization  resistances.  High  capacitance,  multiplied 
by  a  rapid  voltage  scan  rate,  causes  a  high  capacitive 
current  that  results  in  hysteresis  in  cyclic  E-iapp  data. 
Attempting  to  determine  Rp  at  too  fast  of  a  scan  rate 
can  underestimate  the  true  value  inversely  propor¬ 
tional  to  corrosion  rate  as  shown  by  Macdonald,®^ 
leading  to  an  overestimation  of  corrosion  rate.  This 
error  can  be  minimized  by  determining  the  polariza¬ 
tion  resistance  at  a  slow  scan  rate  or  extrapolating 
the  results  at  several  different  slow  scan  rates  to  zero 
scan  rate.®2  Alternatively,  one  may  take  two  or  more 
current  density  measurements  from  potentiostatic 
data  after  long  time  periods  near  Ecorr  to  minimize 
scan  rate  effects.  However,  since  cyclic  voltammo- 
grams,  potential  steps,  and  current  steps  all 
represent  the  Fourier  synthesis  of  sine  waves,  they 
all  equally  require  adequate  hold  time,  a  low  enough 
scan  rate,  or  a  low  f^^^  to  perform  each  measurement. 
This  required  time  period  depends  on  the  RpCai  time 
constant  of  the  electrochemical  interface  (Figure  3  [a]) 
for  an  electrode  that  does  not  involve  mass-trans- 
port-controlled  reactions  or  C4,  associated  with 
adsorbed  intermediates. 

The  maximum  scan  rate  allowed  to  obtain  accu¬ 
rate  measurements  of  the  Rp  has  been  addressed  in 
the  literature.®®  The  governing  principles  are  best 
understood  through  the  concepts  of  impedance  and 
the  Bode  magnitude  plot  for  the  simplified  Randles’ 
circuit  (Figures  4[al  and  [b]).  Here,  the  maximum 
applied  frequency  allowed  to  obtedn  Rs  +  Rp  from  the 
low-frequency  plateau  can  be  approximated  by: 


?nax  ^  “ 


2x( 


c(r.+r,) 


(17) 
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where  f^p  is  an  approximation  of  the  lower  breakpoint 
frequency  (Hz)  and  f^^,  is  the  maximum  test  fre¬ 
quency  (Hz).  Thus,  it  can  be  seen  from  Equation  (17) 
that  increasing  values  of  C.  R,,  or  Rp  dictate  that  a 
lower  fn^a^  is  required  to  accurately  obtain  Rp  +  R^  on 
the  low-frequency  plateau  as  4, .^(Figure  4).  Capaci¬ 
tances  may  become  larger  than  that  expected  for  the 
Cdi  when  adsorption  are  present.  Such  a  C*  may 
be  caused  by  an  adsorbed  intermediate  with  some 
fractional  monolayer  coverage.  Corrosion  of  steel  in 
concrete  can  complicate  LPR  measurements  owing  to 
very  large  apparent  capacitances  that  actually  may 
represent  the  finite  diffuslonal  impedance  associated 
with  mass  transport  control  of  the  oxygen  reduction 
reaction.^”  One  way  that  Rp  may  be  increased  is  by 
passivity.  Another  is  by  diffusion-controlled  corrosion 
such  that  Rp=  R^t  +  a  1-mHz  frequency  typically  is 
chosen  as  a  reasonable  initial  choice  of  but  it  is 
obvious  from  Equation  (17)  that  either  lower  or 
higher  frequencies  may  be  required  depending  upon 
the  exact  values  of  Rg,  Rp,  and  C.  Since  the  magni¬ 
tudes  of  C,  Rj,  and  Rpare  not  known  explicitly,  a 
priori  prudence  dictates  that  f^^x  be  selected  as  one 
tenth  of  the  estimated  ^p.  Mansfeld  and  Kendig  pro¬ 
posed  that  finax  determined  from  the  impedance 
method  defines  the  maximum  voltage  scan  rate  (v^^x) 
for  the  potentiodynamic  method. This  derivation  is 
based  on  the  assumption  that  the  v^^^  should  not 
exceed  the  maximum  rate  of  change  of  voltage  with 
time  during  the  sinusoidal  voltage  excitation  at  f^^x- 


JtAE  f 

pp'max 

10 


(18) 


Here,  AEpp  is  the  peak-to-peak  voltage  excitation. 
Therefore,  v^ax  is  0. 16  mV/s  assuming  a  10-mV 
peak-to-peak  amplitude  for  the  equivalent  circuit 
shown  in  Figure  3  with  Rp  =  1,000  ft,  R^  =  10  12,  and 
C  =  1,000  pF.  If  AE  is  ±5  mV,  then  the  time  required 
for  one  complete  cyclic  voltammogram  at  such  a 
potential  sweep  rate  is  125  s.  However,  for  a  slowly 
corroding  electrode  with  the  R5+  Rp  =  10,010  Q.  v„,„ 
becomes  0,0157  mV/s  and  the  time  required  is 
1,250  s.  Similarly,  a  frequency  above  the  high- 
frequency  breakpoint  (4f)  must  be  applied  to  obtain 
Typically,  f^pp  must  be  in  the  KHz  range  to  deter¬ 
mine  accurately  R,: 


1 

2xCR^ 


(19) 


In  separate  but  parallel  efforts,  Gabrielli,^ 
Macdonald,^  and  Townley®^  each  discussed  the 
appropriate  choice  of  voltage  scan  rates  for  accurate 
Rp  determination  from  small  amplitude  cyclic 
voltammograms.  Each  investigator  considered  a 
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simple  equivalent  circuit  (Figure  3[al).  .Macdonald 
and  Townley  derived  the  current  response  of  the 
standard  three-element  electrical  equivalent  circuit 
to  describe  an  electrochemical  interface  (Figure  3[a]) 
to  a  small  amplitude  triangular  voltage  excitation 
(e.g.,  a  potential  sweep  at  fixed  scan  rate  with  a 
reverse  sweep  at  some  peak  potential).  The  E-i^pp 
response  of  this  circuit  to  the  triangular  t'oltage  exci¬ 
tation  was  shown  to  be  a  complex  function  of  circuit 
elements.  AEpp,  and  the  voltage  sweep  rate.  The  rela¬ 
tionships  between  the  various  AE/Ai^pp  slopes  (R)  and 
scan  rate  were  determined.  Macdonald  characterized 
the  E-i3pp  response  by  the  diagonal  resistance  associ¬ 
ated  with  iapp  at  the  peak  potentials.  R^,.  The  apparent 
resistance  (^pp)  determined  from  the  tangent  to  the 
E-iapp  curve  at  the  end  of  the  upward  sweep  before 
the  downward  sweep  (and  vice  versa).  R,pp.  and  the 
hysteresis  current.  Townley  obtained  which  is 
similar  to  the  tangent  resistance.  R^pp: 


1 

1 

—  + 
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2RpC  1 

/a^Epp/vb.  j  ' 

Rs  +  Rp 

^ga^Epp/vb^ 
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In  these  equations,  a  =  R,  +  Rp.  b  =  R,RpC.  t  is  time. 

V  is  sweep  rate,  and  t  =  1/R,C  +  1/RpC.'  Time  (t)  in 
Equation  (22)  can  be  equated  to  the  sweep  rate  since 
t  =  AEpp/v.  Therefore,  all  three  equations  include  a 
term  that  is  independent  of  the  voltage  scan  rate  and 
a  second  transient  term  that  depends  on  voltage  scan 
rate  or  time  relative  to  the  RC  time  constant  of  the 
equivalent  circuit  representing  the  electrochemical 
interface.  The  scan  rate  dependent  term  becomes 
negligible  at  low  scan  rates.  These  analyses  predict 
an  increase  in  current  hysteresis  and  deviation  of  R^ 
andRp, 

eas  from  Rp  +  Rg  at  high  scan  rates,  as  shown  in 
the  theoretical  cyclic  E-i^pp  data  of  Figure  9(a).  Figure 
9(b)  shows  actual  experimental  results  from  a  Cu-Ni 
alloy  in  flowing  seawater.  A  plot  of  experimental  1  /R^ 
and  1  /Rapp  data  vs  scan  rate  is  shown  in  Figure  9(c) 
for  the  Cu-Ni  system.  Macdonald  and  Townley  de¬ 
duced  (Equations  [21]  and  [22])  that  it  is  theoretically 
possible  in  the  ideal  case  to  determine  Rp  +  R,  from 
the  tangent  to  the  E-ippp  curve  at  the  end  of  the  for¬ 
ward  and  reverse  sweeps  at  much  higher  scan  rates 
than  predicted  by  Equations  (17)  and  (18).  The  ideal 
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FIGURE  9.  (a)  Small  amplitude  cyclic  voitammograms  depicting  the  theoretical  E-i^  response  for  the  electrical  equivalent 
circuit  of  Figure  3(a)  with  R,=  1,000a.  C„=  1.000 pF,  and  Rs=  10  a  when  triangle  voltage  excitation  waveform  is  applied 

to  a  corroding  Interface  at  the  various  scan  rates  indicated.  All  results  are  for  the  circuit  parameters  listed  above,  (b) 

^xp^'’'n'sntal  small  amplitude  cyclic  voitammograms  for  90:1  OCu-Ni  in  flowing  seawater  showing  effect  of  voltage  scan  rate. 

(c)  Reciprocal  values  of  R^  and  R^  vs  scan  rate  obtained  from  experimental  E-i^  data  for  90: 1 0  Cu-Ni  in  seawater  (D  D 
Macdonald,  J.  Bectrochem.  Soc.  125  (1978):  p.  1,443.  Reproduced  by  permission  of  The  Electrochemical  Society  Inc  ) 


scan  rate  maxima  can  be  seen  in  Figures  10(a)  and 
(b)  for  the  same  circuit  parameters  as  examined 
above  (i.e.,  R,  =  10  a.  Rp  =  1.000  n,  and  C  =  10-®  F). 
Specifically,  it  is  shown  that  1/R.„.^  and  l/R^pp  ap¬ 
proach  the  values  1  / (Rs  +  Rp)  at  scan  rates  as  high  as 
100  mV/s  when  the  slope  of  the  E-i^pp  plot  is  care¬ 
fully  taken  at  the  very  end  of  the  forward  or  reverse 
voltage  scan  just  before  reversal.  However,  accurate 
determination  of  l/CR*  +  Rp)  from  experimental  l/R^ 
values  still  requires  a  scan  rate  <  1  mV/s,  which  is  in 
agreement  with  the  predictions  from  Equations  (17) 
and  (18). 

The  equivalence  of  R^pp  to  (R^  +  Rp)  at  fast  scan 
rate  must  be  treated  with  precaution  in  real  corrod¬ 
ing  systems.  Such  an  equivalence  is  only  true  for 
ideal,  fast  charge-transfer-controlled  corrosion  pro¬ 
cesses  and  ideal  finite  Cj,  (e.g.,  when  Rp  =  RJ.  The 
presence  of  mass  transport  control  or  an  adsorption 
C*  caused  by  formation  of  an  adsorbed  intermediate 
that  participates  in  the  corrosion  process  may  com¬ 
plicate  the  results  and  the  ability  to  use  faster  scan 
rates.  Roles  of  adsorbed  intermediates  and  mass 
transport  in  corrosion  may  not  be  accounted  for 
properly  at  very  fast  scan  rates  because  the  surface 
coverage  and  diffusional  boundary  layer  does  not 
have  time  to  react  fully  and  adjust  to  a  very  fast 


change  in  voltage.  R«  may  be  determined  instead  of 
Rpat  the  DC  limit  if  the  scan  rate  is  so  fast  so  as  to 
freeze  in  the  coverage  (Figure  3[c]).  Unfortunately,  a 
sufificiently  fast  scan  rate  that  “freezes-in”  an  inter¬ 
mediate  coverage  also  may  result  in  large  capacitive 
currents  that  could  result  in  R^  values  far  below  Rp. 
Moreover,  as  the  scan  rate  or  frequency  is  lowered, 
the  effects  of  an  adsorbed  intermediate  that  gives  rise 
to  an  adsorption  C*  and  dependency  of  Rp  on  the 
sum  of  R«  and  the  parallel  impedance  of  C,,,  1 1  Rp  be¬ 
come  factors  in  the  resistance  measured  (Figure  3[cJ). 
Indeed,  Macdonald  observed  that  an  accurate  value 
of  R,  +  Rp  was,  in  fact,  not  obtained  from  R^pp  or  R^ 
determined  at  fast  scan  rates  for  a  corroding  Cu-Ni 
alloy  in  flowing  seawater  (Figures  9[bl  and  (cj).“  The 
experimental  case  of  Cu-Ni  in  seawater  shows  that  a 
much  lower  scan  rate  is  required  despite  the  more 
optimistic  predictions  of  Equations  (20)  through  (22) 
(Figures  10[a]  and  (bj).  In  contrast,  a  model  like  that 
of  Figure  3(a)  for  an  ideal  RpC  interface,  where  Rp  = 

Rp„  suggests  that  4  mV/s  to  20  mV/s  scan  rates 
would  be  more  than  slow  enough  to  obtain  an  R^pp 
value  that  approaches  Rp.  Experimentally,  this  is  not 
the  case  in  the  Cu-Ni  system  since  corrosion  rate 
would  be  overestimated  from  such  an  assumption.  In 
this  system,  the  O2  reduction  reaction  is  likely  at 


210 


CORROSION-FEBRUARY  2000 


CRITICAL  REVIEW  OF  CORROSION  SCIENCE  AND  ENGINEERING 


least  partially  mass-transport  controlled  at  the  E^on- 
of  the  Cu-Ni  alloy  and  adsorbed  oxidized  Cu  interme¬ 
diate  species  also  control  the  overall  dissolution 
process. 

Regarding  measurement  speed,  Jones  and 
Greene  proposed  that  a  current  step  method  was 
attractive  because  of  measurement  speed  and  ability 
to  contend  with  Econ-  drift  during  the  time  taken  to 
conduct  the  measurement.^®  For  negligible  R^,  it  has 
been  shown  the  potential  transient  during  a  current 
step  is  given  by: 

Eapp  =  Eco^  +  iappRil-exp-''’^p‘^)  (23) 

When  t  >  4  RpC»  Eapp  reaches  98%  of  the  value 
achieved  at  infinite  time.  Therefore,  the  polarization 
resistance  condition  is  reached  when  t  >  4  RpC,  and 
Equation  (23)  reduces  to  AE/i^pp  =  Rp.  The  time  re¬ 
quired  to  reach  this  condition  is  4  s  for  Rp  =  1,000 
R^  =  10  and  C  =  1,000  pF.  However,  the  time 
required  for  a  slowly  corroding  electrode  with  Rp  = 
10,000  is  ~  40  s.  Thus,  in  comparison  to  polariza¬ 
tion  scans  using  the  voltage  scan  rates  predicted 
from  Equation  (18),  the  time  required  for  a  single 
current  step  to  approach  steady  state  is  much  less 
than  the  time  required  to  complete  a  low- amplitude 
cyclic  voltammogram  given  exactly  the  same  electri¬ 
cal  equivalent  circuit  parameters.  It  also  has  been 
argued  that  the  measurement  of  overvoltages  at 
selected  times  after  a  series  of  small  current  steps 
produces  AE  vs  iapp  plots  that  develop  linear  slopes 
approximating  the  steady- state  conditions  after  in¬ 
complete,  short  periods  of  decay.®® 

Finally,  short  time,  fast  scan  rate,  or  high  f^^ax 
concerns  equally  plague  time  as  well  as  frequency 
domain  methods  for  obtaining  Rp,  since  in  the  time 
domain  measurement,  the  triangle  waveform  is  sim¬ 
ply  the  Fourier  sjmthesis  of  a  series  of  sinusoidal 
signal  functions.  However,  voltage  sweep,  potential 
step,  and  impedance  methods  should  all  yield  the 
same  value  of  Rp  when  all  the  scan  rate  and  AC  fre¬ 
quency  precautions  discussed  above  are  taken  into 
consideration  such  that  the  low-frequency  plateau 
in  I  Z(a))  I  data  is  obtained  and  this  data  represents 
Rp  +  Rj.  This  has  been  demonstrated  by  S5a'ett  in  a 
study  that  produced  Rp  values  that  were  independent 
of  voltage  excitation  waveform.®® 

Use  of  vs  Rp  When  the  Adsorbed 
Intermediate  Surface  Coverages  Affect 
Anodic  and/or  Cathodic  Reaction  Rates 

Some  complexities  remain  concerning  whether  to 
use  Ret  at  intermediate  frequencies  instead  of  Rp  at 
the  DC  limit  when  attempting  to  conduct  corrosion 
rate  determinations  in  the  presence  of  adsorbed  in¬ 
termediate  surface  coverages  that  affect  anodic  and/ 
or  cathodic  reaction  rates.  To  address  this  issue,  it  is 
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FIGURE  10.  Relationship  between  measured  R^pp,  R^,  and  R„^^  and 
scan  rate  using  Equations  (20)  through  (22)  for  the  circuit  model  of 
Figure  3(a)  with  Rp  ^  1,000  Q,  C^  =  1,000  pF,  and  Rs  =  10 12.  The 
impedance  of  the  system  at  the  limit  of  zero  scan  rate  is  Rs  +  Rp.  The 
impedance  of  the  system  at  infinite  scan  rate  is  Rs.  Measured  R^p, 
Rp,  and  R^^Tcas  values  He  in  between  these  limits  depending  on  scan 
rate:  (a)  linear  scale  and  (b)  semilogarithmic  scale.  The  predicted 
from  Equations  (1 7)  and  (18)  is  indicated. 


necessary  to  clarify  the  difference  between  R^t  and  Rp. 
RecaU  the  definition  of  Rp  given  by  OE/ai^pplat  ae=o* 
To  define  R^,  consider  a  derivation  of  the  slope  of  the 
E-i  app  data  from  a  cyclic  voltammogram  conducted 
near  Econ-  following  the  derivation  of  Epelboin.®®'®^  Iapp 
is  the  difference  between  the  anodic  and  cathodic 
half-cell  currents: 


hpp-K-K  (24) 

where  the  subscripts  a  and  c  represent  the  anodic 
and  cathodic  half-cell  reaction  rates.  Rp  (D)  is  given 
in  terms  of  la  and  as: 


dl 


app 


dE 


I  t=oo.AE=o 


9E  -  3E 


(25) 
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When  the  low- overpotential  linear  approximation  is 
valid  at  small  values  of  AE,  BlJdE,  and  dlJdE  = 
2.3I(a,corr/Pa  ^nd  -2.3I,e)corr/3c.  rcspectively.  Here.  I(a,corT 
I(c)coiT  describe  the  anodic  and  cathodic  currents 
at  the  corrosion  potential.  At  Eeorr,  these  equal 
and  3a  and  are  Tafel  slopes  for  the  anodic  and  ca¬ 
thodic  reactions. 


R 


ai 

~  =  2.3I_ 

9E  coni 


( 


(26) 


A  complexity  arises  in  taking  the  derivatives  dlJdE 
and  aie/aE  if  a  corrosion  reaction  is  considered  that 
depends  upon  the  surface  coverage  (0)  of  an  interme¬ 
diate  that  participates  in  the  anodic  dissolution  or 
cathodic  reduction  reactions.  Here,  either  the  overall 
anodic  or  cathodic  reaction  or  both  occur  on  only  a 
fraction  6  of  the  total  electrode  surface  area  (A).  An 
oxidized  intermediate  is  typical  of  corrosion 
processes  that  involve  multiple  oxidation  or  electro¬ 
chemical  reaction  steps  that  must  be  completed 
sequentially  to  describe  the  overall  reaction  rate.  The 
reaction  only  can  proceed  on  the  fraction  of  surface 
area  containing  the  required  intermediate.  Example 
of  intermediates  during  active  metallic  dissolution 
include  Fe/Fe(OH)/Fe(OH)VFe"2  and  Ti(OH-)/Ti(OH)/ 
Ti(OH) VTi(OH)2VTi(OH)3VTF^62-63  although  no  Tafel 
E-log(lJ  region  is  observed  in  the  case  of  the  latter.  In 
these  cases,  the  overall  corrosion  rate  may  depend 
upon  the  coverage  of  the  anodic  intermediate  0a, 
depending  upon  the  exact  rate-determining  step. 
Similarly,  a  cathodic  reaction  such  hydrogen  evolu- 
tiori  (HER)  may  depend  upon  the  coverage  of  bare 
sites,  special  sites,  or  for  the  electrochemical  desorp¬ 
tion  HER  mechanism  by  sites  already  covered  with 
adsorbed  hydrogen  (OJ.  Depending  on  the  HER 
mechanism,  the  rate  may  increase  or  decrease  with 
coverage.  Often,  these  coverages  are  potential  depen¬ 
dent.  The  reaction  rate  per  fractional  area  is  then 
ia  =  la/Ogand  4  =  lc/0a  assuming  unity  electrode  area 
(A),  Rp  will  depend  on  two  terms  that  3deld  the  overall 
slope  3lapp/3E  at  fixed  coverage  and  two  terms  that 
are  dependent  on  the  variation  in  the  coverages  with 
potential: 


1 

Rp  BE  ^ 


(27) 


The  first  two  right-hand  terms  equal  R^,  in  this 
simple  analysis  where  charge  transfer  describes 
simple  interface  charge-transfer  control  occurring 
.quickly  (subject  to  cheu’ging  of  the  C^J  at  fixed  cover¬ 
ages  00  and  6^.  The  dependency  of  Rp  on  reaction 
intermediate  coverage  occurs  when  the  third  and 
fourth  terms  apply.  The  third  and  fourth  terms  can 
be  ignored  under  two  conditions.  In  either  case,  Rp 


then  equals  Rp,  given  by  the  first  two  terms.  The  first 
condition  is  the  simple  ideal  case  where  the  cover¬ 
ages  are  fixed  at  a  value  equal  to  the  coverage 
present  at  or  there  is  no  coverage  involved  and 
reactions  proceed  over  the  total  bare  area  of  the  elec¬ 
trode.  The  second  case  is  at  some  high  voltage  scan 
rate  or  AC  frequency,  where  the  applied  potential  (E) 
changes  too  quickly  to  allow  the  coverage  to  be  modi¬ 
fied  during  the  potential  sweep  or  sinusoidal  voltage 
excitation  (the  potential  sweep  must  not  be  so  fast  so 
as  to  produce  appreciable  Cp,  currents).  At  fast  scan 
rate,  the  coverages  present  at  Epp^.  are  effectively 
“frozen  in”  and  the  third  and  fourth  terms  equal  zero. 
The  current  shorts  through  the  C*  created  by  such  a 
coverage  (Figure  3(cl).“  If  ideal  charge-transfer  con¬ 
trol  is  assumed  at  fixed  coverages,  i^  and  ip  respond 
almost  instantaneously  to  an  applied  potential 
through  the  foUowing  relationships; 


ia  =  i(a)co.Texpi 


2-3(e-Ep,,)' 


^  a6(a)corr 


P  C®{c)cOIT 


(28) 


(29) 


where  8ae(a)coiT  and  Ppeip,po„  give  the  Tafel  slopes  at  a 
fixed  coverage  equal  to  the  coverages  present  at 
Taking  the  derivatives  dip/aE  and  9ip/aE  using  the 
small  overpotential  approximation  yields  ip  = 
2.3i{a)ppn-/Pae(a)corr  and  ip  2.3i(p,ppn-/Ppa(c)con-  Making 
these  substitutions,  recognizing  that  ipp„  =  ia,pp„|  = 
ic(corr)-  and  rearranging  jdelds  the  Stem-Geary  equa¬ 
tion  in  a  slightly  different  form: 


_L  -  ^Lpp  _  g 
Rp  aE 


2.3i, 


{ajcorr 


+  9 


(c)corr 


2.3i, 


{C)C0IT 


(30) 


Recognizing  thaU,a)co,T  =  Ia(corT,/ea(corr) .  i,c)eorr  =  W)/ 
^a(con1»  Icon-  “  fa(corr1  —  fc(corTl*  and  by  making  these  substi¬ 
tutions,  a  familiar  linear  relation  is  obtained  with  the 
simple  distinction  that  Pawaicorr  and  Ppe,p,pp„,  define  the 
Tafel  slopes  for  the  coverages  present  at  the 


aE  Rp 


2.31 


ae(a)corr 


^  c0(c)coiT  j 


(31) 


Thus,  Rp,  =  Rp  in  the  simple  cases  where  ideally  fast 
charge  transfer  occurs  and  the  coverage  is  fixed  or 
when  there  is  no  coverage  dependency. 

A  more  complicated  result  is  obtained  at  slow 
scan  rate  or  low  AC  frequency  when  the  coverage  can 
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change  with  potential.  Again,  the  linear  approxima¬ 
tion  is  enabled  as  AE  becomes  small: 


_1 _  1 

a0(a)corr  ^  c6(c)corr 


3l  ] 

=  —  =  2  31 
BE  R  ^ 

p 


(32) 


The  first  right-hand  term  is  l/R^,  (e.g.,  the  instanta¬ 
neous  portion  related  to  the  faradaic  current)  and 
the  whole  right-hand  expression  gives  The 

l/0(39/dE)  terms  are  typical  nonzero  contributions  at 
Ecorr  when  there  are  potential  dependent  coverages 
that  are  nonzero  near  Econ-  There  is  absolutely  no 
reason  that  the  coverages  should  be  zero  at  Econ-  since 
the  corrosion  potential  is  an  “open -circuit”  potential 
established  at  a  specific  potential  somewhere  be¬ 
tween  the  respective  reversible  electrode  potentials  of 
the  cathodic  and  anodic  half-cell  reactions.  Specifi¬ 
cally,  Ecorr  is  established  at  the  potential  where  ia0a 
A  =  ic0c  A.  Therefore,  it  is  clear  that  Rp  may  be  >  or 
<  R^t,  depending  whether  the  partial  derivatives 
BQJdE  and  ddJBE  are  positive  or  negative  quantities 
as  the  applied  potential  is  swept  in  foiward  and  re¬ 
verse  directions.  This  can  account  for  the  common 
observation  that  Rp  >  R^t  in  the  case  of  so-called 
pseudo-capacitive  behavior,^  as  shown  in  the  circuit 
model  of  Figure  3(c)  containing  an  adsorption 
pseudo- capacitance.  Moreover,  it  is  possible  that 
Rp  <  Rcf®^  as  in  the  case  of  so-called  pseudo-inductive 
behavior  where  an  inductance  is  observed  at  low  fre¬ 
quency  (Figure  6[b]®3).  The  condition.  Rp  >  R^,.  has 
been  seen  by  subtracting  the  Cai  from  the  faraday  im¬ 
pedance  data.®®  Thus,  Equation  (32)  supports  the 
view  that  Rp  at  the  zero  frequency  limit  can  be  <  or 
>  R^i,  depending  on  how  the  coverages  that  factor 
into  the  anodic  and  cathodic  reaction  rates  change 
with  potential.  The  differences  between  Rp  and  are 
observed  sometime  to  decrease  when  the  magnitude 
of  the  voltage  perturbation  is  reduced  such  that  the 
coverage  is  negligibly  altered.®^  An  alternative  view  of 
the  effect  of  voltage  perturbation  in  the  case  of  in¬ 
hibitors  is  that  the  inhibitor  is  desorbed  irreversibly 
by  potential  scanning  above  Ecott  such  that  the  corro¬ 
sion  rate  is  increased.®^  However,  such  phenomena 
also  might  be  understood  using  Equation  (32)  since 
Rp  would  be  expected  to  be  similar  to  when  the 
voltage  perturbation  is  smaller.  Also,  physically  unre¬ 
alistic  parameters  such  as  the  electrical  inductor  do 
not  have  to  be  invoked.  It  is  tempting  to  eliminate  the 
right-hand  second  term  by  conducting  experiments 
at  fast  scan  rate  to  freeze-in  or  fix  the  coverages.®® 
However,  the  lower  impedance  of  the  Cdi  and 
adsorption  at  high  frequency  may  complicate 
measurements  by  switching  capacitive  currents  into 


the  iapp  measurement.  Furthermore,  it  also  must  be 
recognized  that  the  Tafel  slopes  presented  in  the  first 
right-hand  term  of  Equation  (32)  still  would  need  to 
be  the  “iso- coverage”  Tafel  slopes,  ideally  obtained  by 
experiments  where  the  coverages  were  fixed  at  their 
values  present  at  Eeon-  Unfortunately,  pa  and  rarely 
are  obtained  under  iso-coverage  conditions  in  practi¬ 
cal  corrosion  situations.®"  "^  Iso-coverage  Tafel 
parameters  have  been  produced  by  correction  of  HER 
reaction  rate  data  by  exploiting  hydrogen  absorption 
and  permeation  through  iron  foils  to  control  cover¬ 
age.®^  Here,  foil  thickness  decreased  as  current 
density  is  increased  to  change  permeation  flux  such 
that  surface  coverage  is  held  constant  over  a  range  of 
reaction  rates.  Consequently,  determination  of  corro¬ 
sion  rates  in  the  presence  of  adsorbed  intermediates 
is  not  a  simple  matter  of  obtaining  R^^  at  high  fre¬ 
quency  or  scan  rate,  where  BdJdE  equals  zero 
because  0  might  be  frozen  during  such  rapid  poten¬ 
tial  changes.  As  shown  here,  another  source  of  errors 
is  the  values  of  and  p^  obtained  in  slow  scans  at 
high  overpotential  because  this  mixes  AE-i^pp  data 
where  the  coverage  is  frozen-in  (e.g.,  R^J  with  E- 
fog(iapp)  Tafel  data  (e.g.,  p^  and  pj  where  potential 
dependent  coverages  may  differ  from  those  at  E^on- 
An  additional  problem  is  that  there  is  now  another 
reason  why  di/dE  should  not  be  linear  even  as  AE 
approaches  zero  if  the  coverage  changes  significantly 
with  potential  over  the  same  potential  range.  More¬ 
over,  there  is  no  reason  why  E-log  data  obtained 
over  a  large  potential  range  should  be  linear  on  a 
semi-log  plot  when  the  coverage  changes  with  poten¬ 
tial.  Nonstraight  Tafel  data  often  are  observed.®®  "^ 
Theoretical  E-log  i^pp  data  with  changing  intermediate 
coverage  are  shown  in  Figure  1 1 .  The  data  is  pre¬ 
sented  for  charge-transfer-controlled  oxidation 
kinetics  over  a  fraction  of  the  surface  area  given  by 
coverage  63.  The  E-log(iapp)  curve  was  created  under 
the  following  conditions.  Anodic  coverage  (0a)  is  com¬ 
monly  an  exponential  function  of  potential  as 
governed  by  the  following  expression  assuming  a 
Langmuir  isotherm.  This  expression  yields  a  nonzero 
coverage  at  E  =  Ecorr- 


(33) 


As  an  example,  a  hypothetical  E-^pp  relationship  is 
considered  for  corrosion  involving  an  overall  oxida¬ 
tion  half-cell  reaction  (M  +  OH“  ->  MOH'"  +  2ei  that 
depends  on  the  coverage  0a  as  described  in  Equation 
(33)  for  the  adsorbed  intermediate  MOH  that  partici¬ 
pates  in  a  series  of  single  electron  transfer  reactions. 
The  cathodic  reaction  in  this  example  is  assumed  to 
be  the  fast-discharge  slow  electrochemical  desorption 
hydrogen  evolution  reaction.  This  HER  reaction  rate 
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1  10  100 


^app  (/^^) 

(b) 

FIGURE  11.(3)  Theoretical  E-log(l„)  plot  and  (b)  corresponding 
plot  for  reactions  rates  that  depend  upon  film  coverage  based 
on  Equation  (34).  The  anodic  coverage  is  an  exponential  function  of 
potential  according  to  Equation  (33)  with  k  =  0.01  in  the  case  of  the 
dotted  curve.  The  dashed  curve  is  constructed  at  fixed  coverages 
(O3  [E  =  EcrJ  =  0. 068,  0nErt  [E  =  =  0.06)  equal  to  the  coverages 

present  at  OCP  (0  V).  The  solid  curve  assumes  no  role  of  coverage 
such  that  the  reaction  proceeds  over  the  entire  electrode  area  of 

1  cnf.  The  open-circuit  potential  was  selected  arbitrarily  to  be  0  mV, 

and  the  corrosion  rate  is  1.3  pA/crrP  per  unit  area  covered  with  the 
intermediate  film  MOH.  =  8c  =  120  mV  in  all  calculations. 


depends  on  the  coverage  of  adsorbed  hydrogen.  This 
situation  is  similar  to  the  corrosion  mechanism  of 
iron  in  acid  where  either  the  catalyzed  mechanism  of 
Huesler^^'^3  q,-  jjjg  intermediate  mechanism  of 
Bockris®^  involves  an  anodic  half-cell  reaction  whose 
rate  depends  on  the  coverage  of  the  adsorbed  com¬ 
plex  F eOHajs.  In  the  present  example,  the  coverage  of 
the  hypothetical  activated  complex  MOH^^s  is  a  factor 
determining  the  overall  anodic  half-cell  reacUon  rate. 
Consider  the  case  where  the  coverage  changes  form 
near  zero  to  near  one  in  the  vicinity  of  such  that 
the  assumption  of  a  fixed  Tafel  slope  is  unrealistic. 


even  though  it  often  is  assumed  to  be  constant  in  the 
literature.  In  conventional  textbook  examples,  the 
coverage  is  assumed  to  either  remain  near  zero  or 
near  unity  and  a  fixed  Tafel  slope  can  be  developed 
and  used  as  a  reaction  diagnostic.  For  instance,  the 
Tafel  slope  often  is  taken  to  be  constant  at  p,  = 
2.3RT/[(1  +  2aJF],  assuming  a  low  coverage  (0J  at  all 
potentials  when  the  FeOHa^s  coverage  is  an  exponen¬ 
tial  function  of  potential.  In  this  case,  the  Tafel  slope 
approaches  0.029  V  when  the  symmetry  factor  (aj  is 
0.5  in  agreement  with  experimental  data.  However, 
the  assumption  has  been  made  that  9a  remains  low 
over  the  entire  potential  range  of  the  experiment. 

This  is  not  the  case  in  the  h)rpothetical  example 
used  here.  If  coverages  change  considerably  in  the 
potential  range  studied,  the  more  general  expression 
should  be  used  where  Oais  determined  from  Equation 
(33): 


Here,  the  anodic  and  cathodic  reactions  increase 
with  the  coverages  of  adsorbed  MOH  and  H  species, 
the  coverages  change  from  near  zero  to  near  unity 
over  the  potential  range  near  Ee„„,  and  the  Langmuir 
isotherm  is  assumed.  In  this  case,  the  condition  of 
equality  at  Ee,,,  is  that  W,  A  =  i„„„,  a  0„„„„ 
where  A  is  the  total  electrode  area.  Under  these 
simple  assumptions,  the  resulting  E-logp^pp)  data  ex¬ 
hibits  a  continuously  varying  slope  3E/3log  (i^pp)  that 
does  not  yield  a  single  value  for  until  0,  reaches 
one  (Figure  1 1).  Therefore,  to  determine  the  corrosion 
rate  in  a  rigorously  correct  manner  in  the  case  of 
adsorbed  intermediate  coverages  that  change  near 
^coir*  Ret  obtained  from  suitably  fast  scans  only  can 
be  used  only  if  p^  and  p^  values  also  are  representa¬ 
tive  of  the  iso-coverage  conditions  existing  at  Eeorr-  In 
other  words,  Tafel  slopes  need  to  be  determined  at  a 
relevant  frozen-in  or  fixed  coverage.  This  could  be 
achieved  by  obtaining  p,  and  Pe  from  fitting  E-i^pp 
data  near  Eco„  under  the  premise  that  coverage 
changes  only  slightly  at  low  AE;  producing  iso-cover¬ 
age  Tafel  data  from  E-logfLpp)  data  fixed  at  the 
coverage  present  at  E„n-:  or  determining  Tafel  slopes 
from  E-log(i^pp)  data  at  fast  scan  rate  to  freeze-in  9^ 
and  0,  assuming  negligible  capacitive  current.  Unfor¬ 
tunately,  the  merits  of  these  various  methods  toward 
producing  accurate  results  compared  to  one  another 
remain  relatively  untested.  Obviously,  numerous 
other  situations  can  be  envisioned  that  have  not 
been  covered  here,  such  as  inhibiting  species  desorb¬ 
ing  as  a  function  of  potential,  coverage  governed  by 
Frumkin  or  Temkin  isotherms,  reaction  mechanisms 
that  change  near  Econ-’  or  multiple-step,  single- 
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electron-transfer  reactions  that  have  other  coverage 
dependencies »  etc.  The  purpose  of  the  present  ex¬ 
ample  was  only  to  illustrate  the  role  of  changing 
coverage  in  creating  a  difference  between  R^t  and  Rp 
and  in  adding  complexities  to  the  determination  of 
Tafel  slopes, 

still  is  often  estimated  from  slow  scans  ap¬ 
proaching  the  DC  limit  by  taking  a  tangent  to  the 
nonlinear  E-i^pp  data  near  Econ-  The  Stem-Geaiy 
approximation  still  is  utilized  to  estimate  i^^,  using 
an  apparent  B  factor  involving  apparent  Tafel  slopes 
that  are  imprecise.  Such  data  still  often  agrees  with 
gravimetric  mass  loss  and  solution  analysis  data. 
Two  reasons  emerge.  Although  the  terms  l/e(a0/dE) 
in  Equation  (32)  are  often  nonzero  at  Ecorr*  they  often 
are  small.  Moreover,  the  weak  dependence  of 
corrosion  rate  on  the  parameter  B  in  the  Stem 
approximation  permits  imprecise  estimates  of  Tafel 
slope  to  be  tolerated  in  many  cases.  Of  course,  Rp 
values  obtained  at  extremely  low-frequency  or  scan 
rates  should  be  used  in  the  modified  Stem  equation 
in  the  case  of  total  mass  transport  control  of  either 
the  anodic  or  cathodic  reaction  (with  an  infinite  Tafel 
slope  for  the  mass-transport-controlled  reaction)  as 
well  as  in  the  case  of  passive  dissolution.  Use  of  the 
Ret  obtained  at  higher  frequency  or  scan  rate  yields 
the  value  of  corrosion  rate  that  would  be  pertinent  if 
both  anodic  and  cathodic  reactions  were  under  in¬ 
stantaneous  charge-transfer  control.  R^  should  be 
used  in  the  Stem  approximation  if  Tafel  slopes  under 
charge- transfer-controlled  conditions  are  utilized.®® 

In  some  cases,  effects  of  inhibitor  concentration  on 
iron  corrosion  rate  were  best  assessed  using  R^t  as 
opposed  to  Rp.®® 

Effect  of  Solution  Resistance 

Another  frequently  encountered  complication  is 
the  need  to  correct  polarization  data  for  errors  that 
arise  from  the  contribution  of  R^.  R,  contributes  to  a 
voltage  error  as  well  as  a  scan  rate  error.^  Since  the 
applied  potential  is  increased  by  an  ohmic  voltage 
component,  an  apparent  value  of  Rp  is  obtained, 
which  overestimates  Rp  by  an  amount  equal  to  R^. 
Consequently,  the  corrosion  rate  is  underestimated. 

Nonuniform  Current  and  Potential  Distributions 
to  Polarization  Resistance  Probes 

A  dimensionless  parameter  known  as  the 
Wagner  number  is  useful  for  qualitatively  predicting 
whether  a  current  distribution  will  be  uniform  or 
nonuniform,^  This  parameter  helps  to  answer  the 
question  of  which  current  distribution  applies  to  the 
electrochemical  cell:  primaiy,  secondary,  or  tertiary? 

The  Wagner  parameter  (W)  is  the  ratio  of  the 
kinetic  resistance  to  the  ohmic  resistance.  The  W  is 
the  ratio  of  the  tme  polarization  slope  given  by  the 
partial  derivative,  3Etruc/^iapp»  (evaluated  at  the 
overpotential  of  interest  at  constant  pressure,  tem¬ 


perature,  and  concentration)  divided  by  the  charac¬ 
teristic  length  and  the 


W  = 


(35) 


where  k  (or  1/p)  is  the  specific  solution  conductivity 
(f^-cm)'*  and  L  is  a  characteristic  length  (cm),  or  the 
dimension  of  “irregularity.”  Its  value  marks  the  tran¬ 
sition  from  the  primary  to  the  secondaiy  current 
distribution.  When  the  Wagner  number  is  much  less 
than  1,  the  ohmic  component  dominates  and  current 
and  potential  distributions  are  governed  primarily  by 
cell  geometry.  When  it  is  much  larger  than  1 ,  the 
kinetic  component  dominates  and  the  resistance  of 
the  interface  primarily  governs  the  current  flow  from 
counter  electrode  to  working  electrode.  In  practice, 
the  primaiy  current  distribution  is  said  to  exist  when 
W  <  0.1,  and  the  secondaiy  current  distribution  ex¬ 
ists  if  W  >  ICf.  The  partial  derivative,  dE/du  can  be 
taken  from  any  expression  describing  the  interfacial 
potential  as  a  function  of  i^pp  or  obtained  as  a 
Rp  from  experimental  E  vs  i^pp  data.  The  partial  de¬ 
rivative,  BE/dh  has  the  units  of  a-cm=^.  The  R^ 
expressed  in  the  same  units  is  given  by  (k/L).  The 
resulting  Wagner  number  in  the  low-overpotential 
region  where  the  linear  E-i  approximation  can  be 
applied  is: 


Thus,  the  experimenter  interested  in  estimating  the 
current  distribution  “regime”  pertinent  to  their  polar¬ 
ization  cell  can  estimate  whether  the  primary  or 
secondary  current  distribution  applies  from  knowl¬ 
edge  of  Rp  and  R^.  The  corrosion  engineer  can  use 
this  information  in  the  following  way.  If  the  primary 
current  distribution  applies  (W  <  0.1),  then  current 
distributions  are  likely  to  be  very  nonuniform  unless 
an  ideal  cell  geometry  leading  to  a  uniform  primaiy 
current  distribution  is  used.  Otherwise,  errors  in 
polarization  resistance  and  other  kinetic  parameters 
are  then  likely  because  the  electrode  area  actually 
undergoing  polarization  differs  from  the  total  area. 
Low  scan  rate  data  at  the  zero  frequency  limit  may 
yield  the  same  apparent  value  of  Rp  +  R^,  but  the  area 
required  to  compute  a  true  Rp  value  is  uncertain. 

Errors  in  Rp  from  nonuniform  primaiy  or  second¬ 
ary  current  distributions  have  been  documented.^® 
Data  presented  in  the  literature  (Figure  12)  show 
examples  of  the  extent  of  such  errors.'^  Positioning 
of  the  reference  electrode  at  the  center,  edge,  and  at 
infinity  with  respect  to  the  disk-shaped  working  elec¬ 
trode  altered  the  apparent  polarization  resistance 
value  (R^)  by  some  amount  relative  to  the  true  value 
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FIGURE  1 2.  Relationship  between  the  measured  value  and  true 
Rp  value  at  (o  =  0  for  nonuniform  current  distributions  to  a  flush- 
mounted  electrode.  The  error  decreases  with  increasing  Wagner 
number,  which  is  equivalent  to  a  decreasing  error  as  Rp„  and  solution 
conductivity  increase/^ 


given  by  Rp.  Placement  at  the  edge  is  typical  of  flush- 
mounted  probes.  The  source  of  difference  between 
Rp  and  R^f,  with  position  lies  in  the  fact  that  no  single 
Rs  value  applies  for  all  electrode  positions.  In  other 
words,  there  is  a  nonuniform  ohmic  potential  drop 
over  the  disk.  There  can  be  large  errors  depending  on 
reference  electrode  position  (center,  infinity,  edge), 
solution  conductivity  geometiy,  and  Rp.^^  when  solu¬ 
tion  conductivity  (k)  and  R^^  are  increased,  the 
Wagner  number  becomes  larger,  indicating  a  more 
uniform  current  distribution  and  minimization  of  this 
source  of  error.  Similarly,  counter  and  reference  elec¬ 
trode  placement  in  low  conductivity  environments 
can  alter  R^  values  and  apparent  R^^  values.^® 

SUMMARY 


The  polarization  resistance  method,  when  per¬ 
formed  properly,  enables  reliable  determinations  of 
instantaneous  corrosion  rates.  Modem  methods  for 
obtaining  Rp  data  such  as  the  electrochemical  imped¬ 
ance  as  well  as  statistical  and  spectral  noise  methods 
are  now  available.  The  Rsn(*»>)  has  been  shown  in  the 
literature  to  be  equivalent  to  the  electrochemical  im¬ 
pedance  over  the  same  frequency  range  for  identical 
electrodes  in  a  two-electrode  cell.  The  R^pfu)  near  the 
zero  frequency  limit  is  proportional  to  Rp  if  the  im¬ 
pedance  yields  Rp  over  the  same  range  of  frequency. 
The  statistical  noise  resistance  taken  from  E-t  and 
iapp-t  data  is  typically  equivalent  to  the  cell  impedance 


at  some  frequency  above  zero.  Traditional  sources 
of  error  such  as  high  excitation  voltage  amplitude, 
insufficiently  slow  scan  rate,  high  AC  frequency, 
inadequate  polarization  hold  period,  high  solution 
resistance,  presence  of  parallel  reduction-oxidation 
reactions,  and  nonuniform  current  and  potential  dis¬ 
tributions  can  confound  accurate  determination  of 
corrosion  rate.  Lastly,  the  affects  of  potential-depen¬ 
dent  adsorbed  intermediate  films  that  regulate  the 
overall  reaction  rate  and  adsorption  C*  on  electro¬ 
chemical  reaction  rates  are  discussed  with  emphasis 
on  how  they  influence  the  measured  interfacial  resis¬ 
tance.  The  R,.,  can  be  obtained  if  the  coverage  is 
unchanged  by  excitation  voltage  but  it  may  be  larger 
or  smaller  than  Rp. 
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A  =  electrode  area  (cm^) 

B  =  proportionality  constant  used  in  Stem- 
Geary  Equation 

C  =  capacitance  (farad-cm-^) 

Cdi  =  double  layer  capacitance  (farad-cm”^) 

=  adsorption  pseudo- capacitance  (farad -cm”^) 
E  =  electrochemical  potential  (volts) 

^corr  =  corrosion  potential  (volts) 

Erev  =  reversible  electrode  potential  (volts) 

F  =  Faraday's  constant  (96,485  coul/equivalent) 
f  =  frequency  (s‘^) 

^Tia.x  =  maximum  frequency  (s”^) 

iapp  =  applied  current  density  (amp-cm-^) 
icon-  =  corrosion  current  density  (amp-cm'^) 
la  =  anodic  half-cell  current  (amp) 

Ic  =  cathodic  half-cell  current  (amp) 

IpsD  =  power  spectral  density  of  current  noise 
(amp2  -Hz'^) 

j  =  V-i 

k  =  pre-exponential  term  defining  Langmuir 

coverage 

q  =  charge  (farads) 

qp  =  charge  in  adsorbed  film  (farads) 

qM  “  charge  associated  with  one  monolayer  of 
film  (farads) 

R  =  ideal  gas  constant  (8.31441  J-moh^-K"*) 

Rs  =  solution  resistance  [Q-cm^] 

Ret  =  charge-transfer  reaction  resistance  (H-cm^) 

Rcff  =  measured  resistance  at  DC  limit  in  case  of 

nonuniform  current  distribution  (H-cm^) 

Rf  =  additional  reaction  resistance  in  the  pres¬ 
ence  of  an  adsorbed  intermediate  that 
creates  additional  resistance  to  charge 
transfer  at  the  interphase  (H-cm^) 

Rp  =  polarization  resistance  (H-cm^) 

Rd  =  reaction  resistance  under  mass  transport 
control  (fi-cm^) 
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=  diagonal  resistance  from  E-i^pp  plot 
R^pp  =  tangent  resistance  from  E-iapp  plot  (H-cm^) 
Rn  =  noise  resistance  (f^-cm^) 

Rsn(tD)  =  spectral  noise  resistance  (Q) 
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Vn  =  potential  noise 

VpDs  =  power  spectral  density  of  voltage  noise 

(V2-H^0 

W  =  Wagner  number  (-) 

Z'(a))  =  real  component  of  impedance  (H-cm^) 

Z  (o))  =  imaginary  component  of  impedance  (f^-cm^) 


Z{(j))  -  complex  impedance  (fi-cm^) 

I  Z((i))  I  =  impedance  modulus  (f^-cm^) 

tta  -  symmetiy  factor  for  anodic  reaction  H 

ttc  =  symmetry  factor  for  anodic  reaction  (-) 

Pa  =  anodic  Tafel  slope  (V /decade) 

Pc  =  cathodic  Tafel  slope  (V/ decade) 

e  =  surface  coverage  of  adsorbed  intermediate 
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(Tv  =  standard  deviation  of  Vn  -  time  record 
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Oxygen  Reduction  Reaction  Kinetics  on  Chromate 
Conversion  Coated  AI-Cu,  Al-Cu-Mg,  and  Al-Cu-Mn-Fe 
Intermetallic  Compounds 

G.  O.  Ilevbare*’^  and  J.  R.  Scully* 

Center  for  Electrochemical  Science  and  Engineering,  Department  of  Materials  Science  and  Engineering, 
University  of  Virginia,  Charlottesville,  Virginia  22904-4745,  USA 


Oxygen  reduction  reaction  (ORR)  kinetics  were  investigated  on  bulk  synthesized  analogues  of  AI-Cu,  Al-Cu-Mg,  and  Al-Cu- 
Fe-Mn  intermetallic  phases  with  and  without  chromate  conversion  coating  (CCC)  in  0. 1  M  Na2S04  +  0.005  M  NaCl  (pH  6)  with 
minimal  levels  of  total  dissolved  chromate.  The  results  were  compared  to  A  A  2024-T3  and  high  purity  Al,  Cu,  Cr,  and  Au.  Net 
cathodic  ORR  mass  transport-limiting  current  densities  of  Al-based  materials,  lacking  large  quantities  of  Fe,  Mn,  or  Cu  were  lower 
than  the  theoretically  predicted  rates  in  the  mass  transport  controlled  regime  of  ideal  electronic  conductors.  This  suggests  a  second 
rate-limiting  factor  in  the  case  of  these  Al-based  materials  that  was  deduced  to  be  related  to  Al-rich  surface  oxides.  A  second 
rate-limiting  effect  was  also  seen  for  pure  Cr,  implying  that  Cr203  inhibits  ORR  kinetics.  CCC  inhibited  open  circuit  corrosion,  via 
reduced  ORR  kinetics.  It  also  serves  as  a  diffusive  barrier  to  O2  transport.  The  role(s)  of  CCC  as  an  enhanced  electronic  barrier 
to  electron  transfer  or  barrier  to  O2  chemisorption  remains  unclear. 

©  2001  The  Electrochemical  Society.  [DOI:  10.1149/1.1360206]  All  rights  reserved. 


Manuscript  submitted  August  8,  2000;  revised  manuscript  received  December  21,  2000. 


Aluminum-based  precipitation  age  hardened  alloys  containing 
Cu  and  Fe  are  prone  to  localized  corrosion  such  as  pitting.  Pitting 
and  alkaline  attack  are  often  induced  by  local  galvanic  cells  formed 
by  Cu-  and  Fe-containing  intermetallics  or  replated  Cu.*’^  In  AA 
2024-T3,  pit  initiation  sites  include  AI-Cu-Mg  particles,^  the  periph¬ 
ery  of  Cu-enriched  AI-Cu-Mg  particles  that  have  been  dealloyed  of 
Al  and  Mg,^  and  the  matrix  adjacent  to  Al-Cu-Fe-Mn  particles.^ 
Both  chromate  conversion  coating  (CCC)  and  anodization  of  these 
alloys  improve  localized  corrosion  resistance,  particularly  in  chlo¬ 
ride  salt  spray  testing.  This  suggests  that  either  one  or  more  of 
the  four  stages  of  localized  corrosion  at  the  anodic  site  (Le.y  nucle- 
ation,  stabilization,  growth,  and  repassivation)  or  the  properties  of 
sites  that  support  fast  cathodic  reactions  {e.g.y  cathodic  intermetallic 
phases  and  replated  Cu)  are  altered  by  the  presence  of  the  CCC. 

The  CCC  process  on  Al  in  a  dichromate  solution  containing  NaF 
involves  the  following  overall  electrochemical  reaction 

2A1  +  +  2H'^  +  6HF  =  2AIF3  (soluble)  +  CrjOj-HjO 

+  3H2O  [1] 

AI2O3  is  dissolved  by  fluoride.  This  is  generally  regarded  as  desir¬ 
able  since  it  facilitates  the  formation  of  CCC.^’*®  CCCs  consist 
predominantly  of  Cr(OH)3  from  the  reduction  of  Cr^"^  species  along 
with  some  AI2O3  which  could  vary  from  about  0.4  to  over  8.0%  in 
content.^’ Al  oxidation  is  required  to  form  CCCs.  It  is  expected 
that  Al  oxidation  is  also  thermodynamically  possible  on  Cu- 
containing  intermetallic  phases  that  include  a  significant  concentra¬ 
tion  of  Al,  and  that  the  reaction  described  by  Eq.  1  will  occur  spon¬ 
taneously  in  a  chromate  conversion  coating  bath.  It  has  generally 
been  observed  that  the  formation  of  CCC  over  intermetallic  com¬ 
pounds  proceeds  at  a  slower  rate  than  the  surrounding  Al  matrix^’ 
and  as  a  result,  thinner  films  with  lower  Cr  content  tend  to  be 
formed  over  the  intermetallics.  However,  it  has  even  been  suggested 
that  the  initial  rate  of  conversion  coating  formation  is  faster  on 
some  intermetallics  than  on  the  Al  matrix. X-ray  adsorption 
near  edge  spectroscopy  (XANES)  data  collected  on  the  CCC  formed 
on  the  AI-Cu-Mg  intermetallic  was  found  to  contain  less  Cr^"^  than 
the  Al  matrix.*^  Nevertheless,  some  workers  have  observed  that  the 
thickness  of  the  CCC  over  the  Al  matrix  and  intermetallics  becomes 
approximately  the  same  after  5  min  of  immersion  in  a  conversion 
coating  solution.^  It  is  not  yet  fully  understood  why  intermetallic 
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compounds  resist  CCC,  nor  why  the  rate  of  conversion  coating  on 
the  various  intermetallics  vary.  It  is  generally  accepted  that 
K3Fe(CN)6  (ferricyanide)  plays  the  role  of  an  accelerator  in  the  for¬ 
mation  of  CCC.**’^^  However,  understanding  is  still  limited  about 
the  exact  mechanism  by  which  it  accelerates  the  CCC  process  and 
CN"  may  complex  with  Cu  making  conversion  coating  on  interme¬ 
tallics  more  difficult.^’^®  Cr^"^  and  Cr^'*'  may  exist  within  the  CCC  in 
several  specific  forms. The  reduction  of  Cr^'*'  to  Cr^"^  in  the 
form  of  hydrated  chromium  oxide  is  often  incomplete  and  CCCs 
typically  contain  9-60%  Cr^'*’  chromate.^’^*"^^  Aging  of  the  coatings 
affects  the  amount  of  Cr^"^  present  and,  hence,  the  amount  available 
to  be  leached  out.^^’^"^ 

Chromate  is  an  extremely  effective  solution  phase  corrosion  in¬ 
hibitor  for  localized  corrosion.^^’^^'^^  The  mechanism(s)  by  which 
chromate  or  its  reaction  products  inhibit  metallic  corrosion  of  Al 
may  differ  in  solutions  of  different  halide/anion  ratios, 
temperatures^^'^®  and  pit  sizes. The  role  of  the  CCC  as  an  in¬ 
hibitor  to  anodic  dissolution,  and  its  effects  on  the  electrochemistry 
of  intermetallics  that  create  galvanic  cells  in  Al-based  precipitation 
age  hardened  alloys  are  not  entirely  certain.  For  instance,  deposited 
layers  have  been  found  to  contain  pores,^"^’^^  Apparent  cathodic  in¬ 
hibition  of  oxygen  reduction  reaction  (ORR)  on  intermetallics  has 
been  reported  in  chromate  solution  but  is  subject  to  further 
investigation.^^’^^  One  reason  this  is  necessary  is  that  anode  sites 
were  not  separated  from  cathode  sites  in  these  studies,  and  open 
circuit  corrosion  may  have  led  to  extensive  Cu  replating.  Anodic 
inhibition  would  have  minimized  creation  of  a  new  cathode  area  by 
Cu  replating  mechanisms  along  with  altered  surface  roughness  and 
reduction  of  pH.  These  make  the  study  of  cathodic  kinetics  very 
difficult,  and  make  it  imperative  that  any  alterations  in  surface  con¬ 
ditions,  especially  when  corrosion  [e.g.y  at  open  circuit  potential 
(OCP)]  is  a  factor  be  accounted  for  in  the  estimation  of  cathodic 
kinetics.  In  several  studies  where  cathodic  inhibition  was  observed 
by  chromate-containing  solution,  the  issue  of  cathode  area  alter¬ 
ations  due  to  the  occurrence  of  surface  corrosion  (before  measure¬ 
ments  were  taken)  was  not  considered.^^’^^  It  is  known  that  chro¬ 
mate  passivates  Al2CuMg.^^  A  recent  investigation  suggests  that 
CrOj”  may  block  O2  adsorption  sites  when  chemisorbed  onto  Cu 
surfaces  that  prevented  the  creation  of  a  new  cathode  area  during 
testing.^^  Both  CCC  and  soluble  Cr^"*^  may  alter  the  cathodic  elec¬ 
trochemistry  of  the  relevant  intermetallic  phases.  ORR  as  well  as 
hydrogen  evolution  reaction  (HER)  proceed  at  enhanced  rates  on 
intermetallic  compounds  relative  to  high  purity  Al.^^  At  issue  is 
whether  any  reaction  products  from  CCC  along  with  the  physical 
presence  of  the  CCC  alter  net  cathodic  kinetics.  This  paper  provides 
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Figure  1.  SEM  photo  of  a  mirror  finished  surface  of  AA  2024-T3  showing 
intermetallic  particles,  which  measure  from  less  than  1  jjim  to  about  2.5  p,m 
across.  Particle  a  is  of  the  type  AI-Cu  and  particle  b  is  of  the  type  Al-Cu- 
Mn-Fe. 


preliminary  insight  into  the  role  of  chromium  conversion  coatings 
(CCC)  as  inhibitors  of  cathodic  ORR  kinetics  when  acting  as  a 
reservoir  for  Cr*"^  ions.’-^'-^^-^^  We  also  address  whether  chromate 
conversion  coatings  can  minimize  the  ability  of  local  heterogeneities 
to  form  potent  galvanic  couples  on  AA  2024-T3  by  intrinsically 
altering  cathodic  ORR  rates. 

I  Experimental 

*  Studies  were  conducted  on  1.5  mm  thick  AA  2024-T3  sheets 
with  the  composition  (major  elements,  by  wt.  %):  Cu  4.5,  Mg  1.30, 

IMn  0.62,  Fe  0.18,  Zn  0.10,  and  Si  0.093  with  the  balance  Al.  Scan¬ 
ning  electron  microscope-energy  dispersive  spectroscopy  (SEM- 
EDS)  studies  indicate  the  presence  of  coarse  Al-Cu-Mg  and  Al-Cu- 
Mn-Fe  constituents  on  the  surface  (Fig.  1).  In  other  SEM-EDS 

■  studies  on  AA  2024-T3  of  similar  composition,  it  was  found  that  the 
predominant  micrometer-sized  intermetallic  phases  were  of  the  Al- 
Cu-Mg  and  Al-Cu-Fe-Mn  type^'^’^^’"^^  with  lesser  amounts  of  the 
Al-Fe-Cu.  The  intermetal  lies  studied  here  were  multiphase  Al-Cu, 

I  Al-Cu-Mg,  and  Al-Cu-Mn-Fe.  X-ray  diffraction  (XRD)  showed  that 
the  intermetallic  castings  consisted  of  large  amounts  of  AI2CU, 
Al2CuMg,  and  Al2oCu2(MnFe)3,  respectively,  for  the  intermetallic 
compound  types  listed  above.  Other  materials  studied  were  poly- 

I crystalline  99.998%  Al,  99.999%  Cu,  99.9985%  Au,  and  99.7%  Cr. 
Auger  electron  spectroscopy  (AES)  was  used  to  carry  out  surface 
composition  analyses  with  a  Perkin-Elmer  560  ESCA/SAM  system 
at  a  chamber  pressure  of  about  10’*®  Torr.  The  AES  system  was 

■equipped  with  an  electron  multiplier  detector  and  a  cylindrical  mir¬ 
ror  analyzer.  AES  spectra  were  taken  with  an  electron  gun  voltage 
of  3  keV  at  a  resolution  of  0.6%.  Depth  profiles  were  generated  with 
At  sputtering  at  a  beam  voltage  of  3  kV,  in  the  raster  mode,  at  a 
Ipressure  (in  the  ion  gun)  of  between  10  and  20  mPa.  Confocal  laser 
Scanning  microscopy  (CLSM)  was  carried  out  on  a  Zeiss  model 
*LSM  510  microscope.  Imaging  was  carried  out  with  an  argon  laser 
with  a  wavelength  of  488  nm.  Surface  topographical  maps  of  the 
^are  (uncoated)  and  CCC  surfaces  on  AA  2024-T3  were  generated. 
Hah  surfaces  used  for  CLSM  were  polished  to  a  mirror  image  surface 
^finish  with  Buehler  0.05  |xm  diamond  suspension  when  used  as  bare 
surfaces  or  before  CCC  was  carried  out.  The  samples  were  then 

Ensed  with  tap  water  after  the  polishing  process. 

CCC  was  performed  in-house  using  a  solution  containing  0.025 
I  Na2Cr207,  0.024  M  NaF,  0.015  M  K3Fe(CN)6,  and  HNO3  (added 
until  desired  pH  of  1. 2-2.2)  after  conventional  cleaning 
|»rocedures.^2‘^ 


Intermetallics  were  coupled  and  placed  in  close  proximity  to  a 
large  disk  of  AA  2024-T3  (roughly  1:100  area  ratio)  in  a  specially 
designed  carousel  during  alkaline  cleaning,  desmutting,  and  conver¬ 
sion  coating  to  simulate  their  galvanic  coupling  to  AA  2024-T3 
during  treatment  of  a  heterogeneous  alloy  surface.  Thus,  the  inter¬ 
metallic  phases  experienced  not  only  similar  electrochemical  poten¬ 
tial  when  galvanically  coupled  to  AA  2024-T3,  but  CCC  either  by 
direct  deposition  or  by  precipitation,  were  physically  possible.  AA 
2024-T3  samples  were  degreased,  alkaline  cleaned,  desmutted,  and 
then  conversion  coated.  Others  were  only  degreased  and  are  referred 
to  as  untreated.  The  alkaline  cleaning  solution  was  0.21  M  Na2C03 
and  0.23  M  Na3P04  (pH  13).  The  desmutting  solution  was  50%  (by 
volume)  HNO3.  All  electrodes  used  for  electrochemical  experiments 
were  wet  ground  with  600  grit  SiC  paper  before  CCC  or  when  used 
as  untreated  samples  with  the  exception  of  AA  2024-T3,  which  was 
used  in  the  as-received  condition  after  cleaning  the  sample.  Au  and 
Cr  electrodes  were  used  in  the  untreated  form  only  after  a  600-grit 
SiC  surface  finish.  Salt  spray  testing  was  performed  according  to 
ASTM  B117  specifications  for  chromate  conversion  coated  AA 
2024-T3^^  by  an  outside  laboratory  to  verify  corrosion  inhibition. 
They  were  found  to  be  at  least  equal  in  quality  to  commercial  prod¬ 
ucts.  All  CCC  specimens  tested  electrochemically  were  between  48- 
120  h  old  before  electrochemical  testing  was  conducted.  The  pres¬ 
ence  of  Cr^"^  in  CCC  on  AA  2024-T3  of  this  age  was  verified  for  all 
treatments  using  X-ray  absorption  near-edge  spectroscopy  (XANES) 
as  reported  elsewhere.^’  A  pre-edge  peak  at  5.994  keV  indicated 
the  presence  of  Cr(VI)  in  the  tetrahedral  coordinated  state.  The  ad- 
soiption  edge  measured  above  6.065  keV  was  used  to  identify  the 
total  chromate  content.  On  visual  inspection,  all  intermetallic  com¬ 
pounds  had  a  clearly  visible  layer  of  CCC  on  them. 

OCP  exposures  of  2  h  followed  by  potentiodynamic  polarization 
experiments  (at  1  mV/s)  were  performed  in  quiescent  0.1  M 
Na2S04  +  0.005  M  NaCl  (pH  6)  at  ambient  temperature,  on  station¬ 
ary  and  rotating  disc  electrodes  (RDE),  in  three-electrode  cells  that 
were  open  to  lab  air.  This  environment  is  an  analogue  too  low 
chloride-high  anion  solutions  found  in  the  lap-slice  joints  of  an 
aircraft."*^  The  2  h  period  produced  limited  Cr(VI)  concentrations 
in  the  bulk  solution. Sodium  sulfate  has  minimal  complicating 
effects,  for  instance,  it  only  reduced  the  total  Cr  and  Cr(VI)  peaks 
by  about  13%  over  800  h  on  AA  2024-T3  treated  with  Alodine 
1200."*®  Rotation  speeds  of  500,  2000,  and  4000  rpm  were  used  in 
the  RDE  experiments.  The  electrolytes  were  air  sparged  in  addition 
to  being  open  to  lab  air.  In  other  experiments,  0.0038  M  H2Cr04 
+  0.0062  M  Na2Cr04  was  added  to  0.1  M  Na2S04  +  0.005  M 
NaCl  (pH  6)  to  mimic  Cr(VI)  leaching.  Net  cathodic  current  densi- 

(/Nei  “  4ath  “  *an)  Were  recorded,  as  this  is  the  pertinent  cur¬ 
rent  density  (cd)  during  galvanic  coupling.  Mass  transport  limiting 
cd  (/|)  were  determined  from  mass  transport  limited  regions  on  ca¬ 
thodic  E-log  i  curves.  Regions  where  /^ath  was  independent  of 
^'applied  were  not  always  observed  for  Al.  In  these  cases,  the  HER 
and  proximity  to  OCP  were  avoided. 


Results 

Intermetallic  bulk  and  surface  compositions. — Energy  dispersive 
X-ray  (EDX)  analyses  results  from  castings  of  Al-Cu,  Al-Cu-Mg, 
and  Al-Cu-Mn-Fe  intermetallic  compounds  show  that  the  electrodes 
consisted  of  large  regions  with  compositions  consistent  with  the 
AI2CU,  Al2CuMg,  and  Al2oCu2(MnFe)3  phases,  respectively.  XRD 
also  confirmed  the  presence  of  these  phases.  Table  I  lists  bulk  com¬ 
positions  expressed  as  atomic  fractions.  The  Al-Cu  intermetallic  has 
been  analyzed  in  more  detail  elsewhere.^®  The  surface  compositions 
after  wet  grinding  (and  dicing  under  a  jet  of  warm  air)  obtained 
from  AES  are  reported  in  Table  II  and  also  expressed  as  atomic 
fraction.  They  match  the  bulk  compound  stoichiometry  and  suggest 
that  wet  grinding  did  not  significantly  alter  surface  compositions 


“  XANES  was  conducted  at  the  NSLS  at  BNL. 
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Table  I.  Bulk  compositions  of  the  intermetallic  compound  cast¬ 
ings  from  energy  dispersive  X-ray  analyses. 


Atomic  composition  (%) 


Intermetallic 

Al 

Mg 

Zn 

Cu 

Mn 

Fe 

Al-Cu-Mn-Fe 

71.43 

- 

- 

7.14 

10.71 

10.71 

Al-Cu-Mg 

49.28 

26.06 

- 

24.66 

- 

- 

Al-Cu 

66.69 

- 

- 

33.31 

- 

- 

except  for  the 

presence 

of  oxygen 

from 

oxidation.  The 

Al-Cu- 

Mn-Fe  intermetallic  was  slightly  richer  in  iron  after  grinding. 

Anodic  and  cathodic  corrosion  kinetics  on  untreated  electrodes 
in  0.1  M  Na2S04  -h  0.005  M  NaCL — ^Figures  2a  and  b  illustrate  the 
overall  EAog  i  behavior  on  stationary  electrodes  of  nonconversion 
coated  AA  2024-T3,  Al,  Cu,  and  the  Al-Cu,  Al-Cu-Mg,  and  Al-Cu- 
Mn-Fe  intermetallics  in  0.1  M  Na2S04  +  0.005  M  NaCl  after  a  2  h 
exposure  at  OCP.  The  OCPs  of  Cu,  the  Al-Cu,  and  the  Al-Cu- 
Mn-Fe  intermetallics  are  more  positive  than  that  of  AA  2024-T3 
(horizontal  line)  and  far  more  positive  then  those  of  the  Al-Cu-Mg 
intermetallic  compound  and  Al.  The  Al-Cu-Mg  intermetallic  is  not 
passive  at  OCP  and  exhibits  a  high  dissolution  rate  upon  anodic 
polarization.  Figure  2b  shows  that  the  Al-Cu-Mn-Fe  intermetallic  is 
passive  near  the  OCP  of  AA  2024-T3  but  undergoes  pitting  at  po¬ 
tentials  above  it.  AA  2024-T3  pits  at  its  OCP  and  large  pits  have 
been  observed  in  its  matrix."^  Cathodic  kinetics  were  enhanced  on 
all  Cu-containing  materials  and  AA  2024-T3  compared  to  high  pu¬ 
rity  Al  (Fig.  2a)  as  noted  by  Prior  and  Kier  for  Al  containing  Fe  and 
Cu.^  A  large  peak  in  cathodic  current  density  on  Cu  was  due  to  the 
cathodic  reduction  of  the  copper  oxide.  Otherwise,  the  principal  ca¬ 
thodic  reactions  near  the  OCP  of  AA  2024-T3  are  the  ORR  and 
HER  at  more  negative  potentials.  It  can  be  inferred  from  the  data 
that  the  exchange  current  densities  for  the  HER  are  much  lower  on 
high  purity  Al  than  on  the  Cu-containing  materials.  The  exchange 
current  density  for  the  HER  is  so  low^  on  Al  that  mass  transport- 
limited  ORR  dominates  the  high  purity  Al  electrode  at  potentials  as 
negative  as  —1.5  Vsce-  HER  does  not  occur  in  a  pH  6  electrolyte,  at 
standard  temperature  (25°C)  and  atmospheric  pressure  near  the  OCP 
of  AA  2024-T3  (ca.  -0.5  Vsce)*  Therefore,  mass  transport  limited 
O2  reduction  is  one  of  the  cathodic  reactions  of  greatest  interest 
when  studying  open  circuit  corrosion  of  this  alloy  either  with  or 
without  CCC  in  near  neutral  chloride  solutions.  Clearly,  this  reac¬ 
tion  occurs  at  higher  rates  on  Cu-bearing  phases  compared  to  high 
purity  Al,  which  exhibits  additional  rate  limitations  besides  O2  trans¬ 
port  in  solution.  At  issue  is  the  effect  of  CCC  on  the  ORR  electro¬ 
chemistry  of  micrometer  sized  intermetallics  embedded  in  AA  2024- 
T3.  The  mechanism  of  enhancement  on  AA  2024-T3  likely  relates 
to  enhanced  limiting  current  density  on  an  array  of  microelectrode¬ 
sized  intermetallics  embedded  in  an  Al  matrix. 

Chromate  conversion  coated  electrodes, — SEM  images  of  the 
surface  of  the  in-house  CCC  on  AA  2024-T3  from  earlier  work'** 
revealed  that  they  had  a  mud-crack  appearance.  This  appearance 
might  be  a  result  of  the  dehydration  of  the  coating  during  the  drying 
process. 

Figure  3a  shows  an  SEM  photo  of  a  3  min  chromate  conversion 
coated  AA  2024-T3.  Figure  3b  shows  a  2-D  CLSM  reflected  light 
intensity  map  of  a  3  min  CCC  AA  2024-T3  surface,  while  Fig.  3c 
shows  a  CLSM  3-D  surface  topographical  maps  of  this  surface.  All 


i/Acm 


Figure  2.  The  cathodic  (a,  top)  and  anodic  (b,  bottom)  £-log  i  behavior  of 
stationary  electrodes  of  AA  2024-T3  ffl;  Al  ■;  Cu  0 ;  Al-Cu  X;  Al-Cu-Mg 
+  (cathodic),  A  (anodic);  Al-Cu-Mn-Fe  •;  and  AI-Cu-Mn-Fe  (deaerated)  O 
in  0.1  M  Na2S04  +  0.005  M  NaCl. 


coatings  were  between  48-120  h  old  at  the  time  microscopy  was 
performed.  Figure  3a  shows  that  some  intermetallic  compounds 
have  been  removed  from  the  surface  of  the  metal  and  the  area  they 
previously  occupied  has  been  coated.  Intermetallic  compound  disso¬ 
lution  was  found  to  occur  during  the  alkaline  cleaning  stage.'**  These 
particles  would  have  either  completely  dissolved  {e,g„  if  of  Al- 
Cu-Mg  type  which  are  anodic  to  the  Al  matrix*)  or  would  have 
fallen  out  of  the  hole  if  the  Al  matrix  around  it  had  dissolved  away 
by  cathodic  trenching  if  of  the  Al-Cu  or  Al-Cu-Mn-Fe  type  which 
are  cathodic  to  the  Al  matrix.'*^  Topographical  scans  across  some 
other  surface  features  in  Fig.  3b  show  that  the  area  around  some  of 
the  particles  had  corroded  away  as  shown  by  the  deep  gullies  sur- 


Table  II.  Surface  compositions  from  Auger  electron  spectroscopy  (AES)  analyses  of  the  Al-Cu-Mg  and  AI-Cu-Mn-Fe  intermetallic  compound 
electrodes  after  wet  grinding  using  600  grit  SiC  paper. 

Intermetallic  Sputter  time  (s)  Atomic  composition  (atom  %) 

Al  Cu  Mg  Mn  Fe  O 

Al-Cu-Mg  150  34.13  17.65  15.45  -  -  32  76 

Al-Cu-Mn-Fe  120  54.26  6.18  -  8.66  14.87  16.03 
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Figure  3.  AA  2024-T3  surface  with  a  3  min  CCC  surface  showing  the  photo 
of  an  (a)  SEM  image,  (b)  reflected  light  map  from  a  CSLM  image,  and  (c) 
the  3-D  topographical  image  from  a  CSLM,  Figure  d  and  e  show  reflected 
light  maps  (left)  and  line  topographical  scans  (right)  of  the  surface  features 
numbered  1  and  2,  respectively,  in  b.  The  surfaces  were  finished  with  0.05 
p-m  diamond  suspension  except  for  a  which  was  used  in  the  as-received 
condition.  The  magnification  of  b  is  (1(X)X  objective  lens).  The  entire  width 
(from  left  to  right)  of  b  is  92  pm. 
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Figure  4.  Cross-sectional  surface  topographical  profiles  (from  CSLM)  of  (a) 
bare,  (b)  30  s,  and  (c)  3  min  CCC  surfaces.  Surfaces  were  finished  with  0.05 
pm  diamond  suspension  prior  to  CCC  process. 


rounding  an  elevated  plateau  or  set  of  broad  spikes  (Fig.  3d).  This 
suggests  that  such  particles  might  have  been  cathodic  to  the  A1 
matrix,  hence  the  dissolution  of  the  area  surrounding  the  particle  by 
cathodic  trenching.^  ^  It  is  expected  that  the  particles  that  remained 
on  the  surface  were  coated  during  the  CCC  process  albeit  with  dif¬ 
ficulty.  However,  synthesized  intermetallic  ingots  were  successfully 
coated  in  our  laboratory  and  some  others  have  also  been  success¬ 
fully  coated.  Figure  3e  shows  the  topographical  line  scan  across 
another  surface  feature  showing  features  consistent  with  uneven  dis¬ 
solution.  In  this  case,  it  appears  that  the  particle  had  partially  dis¬ 
solved  away,  and  some  CCC  may  also  have  been  deposited  on  top 
of  the  partially  dissolved  area.  TTiere  does  not  seem  to  be  any  dis¬ 
tinct  dissolution  around  the  edge  of  this  particle  as  was  observed  in 
Fig.  3d. 

Surface  depth  profiles  of  the  surfaces  of  bare  (untreated),  30  s 
and  3  min  CCC  surfaces  were  taken  with  CLSM  are  shown  in  Fig. 
4a,  b,  and  c,  respectively.  Care  was  taken  to  avoid  possible  sites  of 
any  intermetallics  or  other  surface  inclusions.  It  can  be  seen  that  the 
surfaces  of  the  CCCs  are  not  smooth,  but  are  covered  with  pores 
and/or  the  cracks  that  are  visible  under  the  SEM.  The  topographical 
profiles  of  the  imaged  areas  showed  that  the  pore  and  crack  depths 
on  the  30  s  CCC  are  about  1  |xm  deep  while  those  on  the  3  min  CCC 
are  about  2-4  jim  deep.  Since  pore  and  crack  depths  tended  to  in¬ 
crease  with  coating  time,  this  suggests  that  the  thickness  of  the  CCC 
increases  with  coating  time.  Other  authors  have  reported  CCCs 
thicknesses  of  between  0. 1  and  1 .0  p.m  although  no  coating  time 
was  mentioned.^^  The  increase  in  the  number  of  pores  and  cracks 
per  unit  area  with  coating  time  suggested  that  the  surface  of  the 
CCC  became  rougher  with  coating  time. 

However,  due  to  the  depth-of-field  limitations  on  the  CLSM,  it  is 
uncertain  whether  the  depths  of  the  pores  observed  in  these  figures 
(Fig.  4b  and  c)  represent  the  total  depth  of  the  pores  and  cracks. 
Also,  it  could  not  be  determined  from  CLSM  whether  these  pores 
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and  cracks  actually  penetrate  the  entire  thickness  of  the  coatings,  or 
just  partially. 

The  summary  of  the  times  until  failure^  from  the  salt  spray  test 
appears  in  other  published  work.'*^  Both  the  30  and  3  min  (180  s) 
in-house  CCC  AA  2024-T3  passed  the  salt  spray  test  (ASTM 
B^i  17)45.48  specified  by  MIL-C-81706  and  MIL-C-5541E.^^ 
These  results  show  that  the  in-house  chromate  conversion  coating 
performed  as  well  as  commercially  applied  Alodine  1200^  and  better 
than  the  Alodine  1200  coating  applied  in  our  laboratory.  This  result 
is  significant  because  it  indicates  that  the  CCC  used  and  discussed  in 
the  remainder  of  this  study  was  at  least  equal  in  quality  to  the  com¬ 
mercial  product. 

XANES  absorbance  pre-edge  peaks  at  5.994  KeV  on  chromate 
conversion  coated  AA  2024-T3  between  48  and  120  h  old  (Fig.  5a), 
show  evidence  of  Cr^'*'  in  the  CCC  investigated  here.  Figure  5b 
shows  both  the  pre-  and  adsorption-edge  Cr  peaks.  Figure  5c  shows 
that  the  amount  of  Cr^'*'  and  total  Cr  (depicted  by  the  pre-edge  and 
adsorption-edge  peaks,  respectively)  in  the  CCC  increases  with 
coating  time  and,  hence,  thickness  of  the  CCC. 

Cathodic  kinetics  on  untreated  stationary  electrodes  as  a 
function  of  the  extent  of  prior  corrosion, — Experiments  to  measure 
the  net  cathodic  kinetics  on  untreated  samples  in  chromate-free  so¬ 
lutions  were  performed  on  stationary  AA  2024-T3  electrodes  as  a 
function  of  extent  of  prior  corrosion  damage. 

Prior  corrosion  damage  was  controlled  by  either  varying  time  at 
OCP  or  by  applying  anodic  charge  immediately  prior  to  cathodic 
scans.  It  was  found  that  the  net  i\  of  ORR  increased  as  the  anodic 
charge  applied  to  AA  2024-T3  (to  cause  pitting)  increased  (Fig.  6a). 
The  OCP  also  became  more  negative  as  applied  charge  increased 
(Fig.  6b).  The  net  cathodic  kinetics  of  the  Al-Cu-Mg  inter- 
metallic  also  increased  as  the  extent  of  corrosion  increased.^^  Ex¬ 
periments  carried  out  on  AA  2024-T3  in  0.1  M  Na2S04  after  a  2  h 
exposure  at  OCP  compared  with  0.1  M  Na2S04  +  0.005  M  NaCl 
also  showed  that  the  for  ORR  decreased  in  the  sulfate  solution 
compared  to  the  sulfate/chloride  solution.  AA  2024-T3  is  not  ex¬ 
pected  to  pit  in  0. 1  M  Na2S04  due  to  the  absence  of  chloride  ions  in 
solution.'**  The  OCP  of  AA  2024-T3  in  0.1  M  Na2S04  +  0.005  M 
NaCl  is  close  to  its  pitting  potential  (Fig.  2b).  The  greater  net  ca¬ 
thodic  kinetics  after  2  h  at  OCP  observed  in  the  0.1  M  Na2S04 
+  0.005  M  NaCl  solution,  corresponded  with  op>en  circuit  corro¬ 
sion  of  AA  2024-T3.  Therefore  greater  net  cathodic  kinetics  in  0.1 
M  Na2S04  -f  0.005  M  NaCl  can  be  attributed  at  least  in  part  to  prior 
open  circuit  corrosion.  It  is  therefore  important  to  consider  prior 
corrosion  of  a  metal  since  it  alters  the  cathodic  ORR  and  HER 
kinetics  by  increasing  the  electrode  area  (through  roughening),  for¬ 
mation  of  pits  that  alter  surface  pH,  and  increasing  the  extent  to 
which  the  surface  is  possibly  enriched  with  Cu  during  corrosion.^ 

Cathodic  kinetics  on  CCC  stationary  electrodes  in  0.1  M 
Na2S04  -h  0.005  M  NaCl. — In  this  study,  we  seek  to  assess  whether 
or  not  CCC  directly  suppresses  cathodic  kinetics  of  the  intermetallic 
compounds  and  AA  2024-T3,  or  indirectly  through  anodic  inhibi¬ 
tion.  Figure  7  presents  a  comparison  of  OCPs  of  untreated  surfaces 
in  0.1  M  Na2S04  +  0.005  M  NaCl  to  those  after  CCC  treatment 
(CCC  while  galvanically  coupled  to  AA  2024-T3)  on  stationary 
electrodes  in  a  plot  that  depicts  differences  in  OCP  as  departures 
from  the  diagonal  line.  The  OCPs  of  chromate  conversion  coated  Al, 
AA  2024-T3,  99.999%  Cu,  and  the  intermetallics  Al-Cu  and  Al- 
Cu-Mg  were  not  changed  significantly.  The  OCP  of  the  Al-Cu- 

MIL-C-445IE  (Qualification):  Failure  is  said  to  have  occurred  if  five  or  more 
corrosion  pits  are  found  on  the  test  panel  after  168  h  of  ASTM  B 117  salt  spray  test 
MIL-C-81706  (Quality  conformance):  Failure  is  said  to  have  occurred  if  any  visual 
evidence  of  corrosion  is  found  on  the  test  panel  after  168  h  of  ASTM  B1 17  salt  spray 
test. 

^  Trade  name  of  commercial  chromate  conversion  coating  manufactured  by  Henkel 
Corporation  (formally  Parker  Amchem). 


Energy/KeV 


Time/s 

Figure  5.  XANES  pre-edge  peak  at  (a)  5.994  keV  and  (b)  adsorption-edge 
peaks  after  chromate  conversion  coatings  of  30,  180,  300,  and  480  s  on  AA 
2024-T3  showing  evidence  of  Cr^'*'  and  total  Cr  in  the  CCC,  respectively. 
The  height  of  the  X-ray  adsorption  pre-edge  peak  (representing  amount  of 
Cr^*^  present)  and  that  of  the  adsorption-edge  peak  taken  above  6.065  keV 
(representing  total  amount  of  Cr  present)  as  a  function  of  coating  time  (c). 

Mn-Fe  intermetallic  was  lowered  when  a  5  min  chromate  conver¬ 
sion  coating  was  applied  (Fig.  7).  It  was  lowered  to  a  greater  degree 
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Figure  6.  Apparent  cathodic  reaction  rate  on  an  AA  2024-T3  stationary 
electrode  (at  —0.75  Vsce)  (a)  a  function  of  prior  anodic  charge  density, 
and  open  circuit  potential  (OCP)  on  an  AA  2024-T3  stationary  electrode,  (b) 
as  a  function  of  prior  anodic  charge  density.  /  indicates  time  for  which  i  of 
200  fjuA  cm“^  was  applied.  There  was  no  prior  exposure  at  OCP.  Electrolyte: 
0.1  M  Na2S04  +  0.005  M  NaCl,  or  0.1  M  Na2S04.  Error  bars  are  at  a  95% 
confidence  level. 


on  the  untreated  intemietallic  compound  analogue  in  the  presence  of 
0.01  M  chromate  in  the  electrolyte.^®  The  OCPs  of  the  other  inter- 
metallic  compounds  and  AA  2043-T3  were  not  reduced  by  5  min 
CCC  (Fig.  7).  However,  OCP  information  alone  is  insufficient  to 
predict  galvanic  couple  behavior.  Figure  8a  shows  the  cumulative 
probability  plot  for  pitting  for  untreated  and  5  min  CCC  AA 
2024-T3  in  0.1  M  Na2S04  +  0.005  M  NaCl,  along  with  untreated 
AA  2024-T3  in  0.1  M  Na2S04  +  0.005  M  NaCl+0.0062  M 
Na2Cr04  +  0.0038  M  H4Cr04.  The  key  result  is  that  either  chro¬ 
mate  or  CCC  raises  E^^  above  OCP.  (More  detailed  explanations  for 
the  results  presented  in  Fig.  8f  were  published  in  Ref.  48.)  CCC 
suppresses  OCP  [and  post-OCP  (pitting,  general  dissolution)]  corro¬ 
sion  in  the  presence  of  CP  as  shown  on  AA  2024-T3  in  Fig.  8a  and 
b,  as  does  soluble  chromate.^  On  AA  2024-T3,  the  extent  of  OCP 
and  post-OCP  corrosion  suppression  by  chromate  at  pH  6  is  not  as 
potent  as  that  of  5  min  CCC  at  higher  potentials  (Fig.  8a  and  b). 

**  The  extent  of  corrosion  suppression  in  the  presence  of  soluble  chromate  (0.01  M) 
was  found  to  be  pH  dependent. 0.01  M  chromate  additions  to  the  SOj“/Cr  electro¬ 
lyte  mixture  was  found  to  be  more  potent  at  suppressing  pitting  at  pH  8  compared  with 
at  pH  6."**  This  was  thought  to  be  due  to  the  specification  of  the  chromate  species  in  the 
electrolyte.^^ 


Figure  7.  Open  circuit  potentials  on  stationary  electrode  after  2  h.  Data 
shows  untreated  99.998%  Al,  Al-Cu-Mg,  AA  2024-T3,  Al-Cu,  Al-Cu-Mn- 
Fe,  and  99.999%  Cu  compared  with  those  of  their  5  min  CCC  counterparts  in 
0.1  M  Na2S04  +  0.(X)5  M  NaCl  (pH  6).  Similar  results  were  obtained  with 
3  min  CCC. 


CCC  (and  soluble  0.01  M  chromate  additions  to  solution)  did 
lower  the  net  cathodic  kinetics  on  AA  2024-T3  and  the  Al-Cu  in- 
termetallic  (Fig.  8c  and  d).  Net  cathodic  kinetics  on  the  Al-Cu- 
Mn-Fe  intermetallic  are  also  lowered  when  5  min  CCC  was  applied 
compared  to  the  untreated  analogue,  and  are  even  lower  in  the  pres¬ 
ence  of  0.01  M  chromate  compared  with  the  5  min  CCC  treated 
analogue  (Fig.  8e).  Earlier  work  also  suggested  (and  is  further  sup¬ 
ported  here)  that  one  observed  effect  of  CCC  and  chromate  on  net 
cathodic  kinetics  on  the  Al-Cu-Mn-Fe  intermetallics  is  at  least  par¬ 
tially  due  to  the  suppression  of  OCP  corrosion  much  in  the  same 
fashion  as  on  AA  2024-T3.^^  This  was  confirmed  when  elimination 
of  Cr  from  solution  produced  the  same  apparent  cathodic  inhibition 
effect  as  seen  when  chromate  was  present  in  the  SOj'/CF  mixture 
on  Al-Cu-Mn-Fe.^^  In  contrast  (with  AA  2024-T3),  the  degree  of 
suppression  of  net  cathodic  kinetics  on  the  Al-Cu-Mn-Fe  interme¬ 
tallic  compound  seems  to  be  more  potent  in  the  presence  of  chro¬ 
mate  in  solution  compared  with  5  min  CCC  in  the  S04^”/C1“  elec¬ 
trolyte  mixture  (Fig.  8e).  This  might  suggest  that  the  intermetallic 
compounds  are  not  well  coated.  The  same  observation  was  made  on 
the  Al-Cu  compound  although  these  effects  were  not  as  pronounced 
as  on  the  Al-Cu-Mn-Fe  intermetallic  compound.  The  notion  of  the 
lower  degree  of  protection  given  by  CCC  compared  with  soluble 
chromate  on  intermetallic  compounds  is  also  further  substantiated 
by  the  degree  of  anodic  protection  provided  to  the  Al-Cu-Mg  inter¬ 
metallic  compound  by  soluble  chromate  compared  with  5  min  CCC 
(Fig.  8f).  More  protection  is  given  by  soluble  chromate  as  indicated 
by  the  lower  net  anodic  current  density.  However,  both  soluble  chro¬ 
mate  and  5  min  CCC  reduced  anodic  dissolution  of  the  Al-Cu-Mg 
intermetallic  compound  and,  therefore,  diminished  the  possibility  of 
formation  of  a  porous  electrode  surface,  which  would  enhance  the 
net  cathodic  rates  (Fig.  8f).  The  key  result  is  that  CrOl~  and  to  a 
lesser  extent  CCC  suppresses  anodic  dissolution  of  the  Al-Cu-Mg 
intermetallic,  and  pitting  of  AA  2024-T3  and  to  a  less  extent  the 
Al-Cu-Mn-Fe  intermetallic,  and  that  apparent  cathodic  kinetics  were 
subsequently  decreased.  However,  some  of  the  apparent  cathodic 
inhibition  could  be  reproduced  by  elimination  of  Cl“.  Nevertheless, 
it  cannot  be  completely  ruled  out  that  a  portion  of  the  reduction  in 
net  cathodic  reaction  rates  might  be  due  to  other  factors  other  than 
suppression  of  OCP  corrosion. 

E-log  i  behavior  of  net  limiting  current  density  for  ORR  under 
mass  transport  controlled  conditions. — Figures  9a  and  b  show  rep¬ 
resentative  E-log  i  plots  of  untreated  and  3  min  CCC  Cu,  Al,  and  the 
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Figure  8.  The  cumulative  probability  plot  for  for  untreated  (with  waiting  time  at  OCP  of  0  and  120  s),  and  5  min  CCC  AA  2024-T3  in  0.1  M  Na2S04 
+  0.005  M  NaCl,  and  untreated  AA  2024-T3  in  0.1  M  Na2S04  +  0.005  M  NaCl  +  0.0062  M  Na2Cr04  +  0.0038  M  H2Cr04  (a).  The  £-log  i  behavior  of  AA 
2024-T3,  anodic  (b),  AA  2024-T3,  (c)  cathodic,  and  (d)  Al-Cu,  (e)  Al-Cu-Mn-Fe,  and  (f)  Al-Cu-Mg  intermetallics  in  0.1  M  Na2S04  +  0.005  M  NaCl  while 
untreated  (bare),  with  5  min  CCC,  and  untreated  with  0.0062  M  Na2Cr04  +  0.0038  M  H2Cr04  in  solution. 


Al-Cu-Mn-Fe  intermetallic  at  an  electrode  rotation  speed  of  500  rpm 
[(^0.5  _  ^  24  (rad  These  materials  represent  the  extremes 

of  cathodic  behavior  seen  in  Fig.  2.  Mass  transport  limited  regimes 
for  ORR  could  be  selected,  albeit  at  different  potentials.  Figure  10 
shows  the  ORR  mass  transport  limiting  current  density  (/j)  vs. 

A  comparison  of  /j  in  0.1  M  Na2S04  -H  0.005  M  NaCl  between 
untreated  and  3  min  CCC  is  shown  for  Cu,  Al-Cu-Mn-Fe,  and  Al, 
after  a  2  h  exposure  at  OCP  in  Fig.  10a.  The  mass  transport  limited 
O2  reduction  current  density  data  for  the  untreated  Cu  and  the  Al- 
Cu-Mn-Fe  intermetallic  almost  match  the  ORR  results  predicted  by 
the  Levich  equation  (assuming  «  =  4)  for  this  cathodic  reaction  on 
an  ideal  electronic  conductor  with  respect  to  angular  velocity  (rota¬ 
tion  rate).^^  The  /j  is  lower  on  the  chromate  conversion  coated  Cu, 
and  the  Al-Cu-Mn-Fe  intermetallic.  It  is  higher  on  coated  Al  com¬ 
pared  with  untreated  Al.  /|  after  CCC  also  does  not  obey  the  Levich 
equation.  However,  the  relative  order  of  the  rates  of  the  ORR  kinet¬ 
ics  are  preserved  on  the  chromate  conversion  coated  samples  (ie., 
ORR  rate  on  Cu  >  Al-Cu-Mn-Fe  >  Al) .  The  ORR  of  high  purity 
Al  is  much  lower  than  predicted  from  mass  transport  of  O2  in  solu¬ 
tion.  The  kinetics  on  Al  are  almost  independent  of  angular  velocity 
and  do  not  obey  the  Levich  equation,  which  is  theoretically  inde¬ 
pendent  of  electrode  material  for  an  electronic  conductor  with  no 
electron  or  O2  transport  limiting  interfacial  film.®  This  implies  an 
additional  rate  limitation  for  Al  which  is  likely  to  be  the  insulating 


*  Note  that  the  intermetallics,  Cu  and  Al  used  in  these  RDE  experiments  are  nomi¬ 
nally  homogeneous  electrodes.  In  this  case,  the  study  of  the  effect  of  CCC  as  an  ETR, 
diffusion,  or  kinetic  barrier  can  be  satisfactorily  isolated  and  studied,  separate  from  the 
effect  of  enhanced  mass  transfer  at  microelcctrode-like  areas.^^'^®  However,  in  the  case 
for  instance  of  stationary  AA  2024-T3  electrode  where  the  apparent  limiting  cathodic 
current  density  may  be  dominated  by  reactions  on  the  intermetallic  compounds  and 
replated  Cu,  the  distribution  and  spacing  of  these  microcathodic  sites  relative  to  the 
diffusion  boundary  layer  dimensions  would  then  be  important.  In  such  a  situation,  it 
would  be  expected  that  the  hemispherical  boundary  layer  (8)  generated  over  these 
micro-regions  would  increase  i]  provided  the  radius  of  the  intermetallics  (r)  is  much 
smaller  than  If  8  is  much  smaller  than  r,  or  the  spacing  between  these  interme¬ 
tallics  over  a  sufficient  area  is  much  smaller  than  r,  the  boundary  layer  would  approxi¬ 
mate  to  a  planer  rather  than  hemispherical  behavior. 


AI2O3  oxide  film  which  limits  the  electron  transfer  reaction  (ETR).*^ 
Figure  10b  compares  results  from  untreated  samples  in  0.1  M 
Na2S04  +  0.005  M  NaCl  +  0.0038  M  H2Cr04  +  0.0062  M 
Na2Cr04,  to  those  from  3  min  CCC  in  0.1  M  Na2S04  +  0.005  M 
NaCl.  1*1  is  lower  on  the  chromate  conversion  coated  Cu  but  higher 
on  the  Al-Cu-Mn-Fe  intermetallic  (albeit  very  slightly)  and  Al  com¬ 
pared  with  the  untreated  samples  in  the  chromate  containing  solu¬ 
tion  (Fig.  10b).  Results  from  stationary  electrodes'^  did  not  show  a 
difference  in  the  ij  for  the  ORR  between  untreated  (with  and  without 
chromate  in  solution),  and  chromate  conversion  coated  samples  in 
0.1  M  Na2S04  +  0.005  M  NaCl.  Extrapolation  of  the  I'l  vs.  data 
to  0  rpm  showed  that  the  data  converges  for  all  treatments  within  a 
statistical  scatter  band.  Hence,  high  rotation  at  500  rpm  is  a  useful 
diagnostic  condition  to  study*- whether  surface  treatments  provide 
cathodic  inhibition  because  differences  between  reaction  rates  lim¬ 
ited  by  mass  transport  through  the  aqueous  phase  and  those  limited 
by  other  factors  are  magnified. 

Discussion 

The  positive  OCP  of  AA  2024-T3  relative  to  that  of  Al  (Fig.  2 
and  7)  is  a  consequence  of  the  presence  of  the  Cu-bearing  interme¬ 
tallic  phases  in  the  alloy,  replated  Cu,  as  well  as  Cu  in  the  solid 
solution  in  the  face  centered  cubic  (fee)  Al  phase.  The  role  the 
intermetallic  compounds  play  in  the  various  galvanic  couples  is, 
therefore,  very  important  especially  during  the  initial  phase  of  cor¬ 
rosion.  The  effect  of  CCC  on  these  phases  is,  consequently,  also  of 
interest.  The  little  or  no  change  in  the  OCP  of  Cu,  and  the  Al-Cu  and 
Al-Cu-Mg  intermetallics  after  CCC  suggests  that  CCC  does  not  alter 
their  influence  on  AA  2024-T3  corrosion  while  embedded  in  the 
matrix.  The  slight  reduction  in  the  OCP  of  the  intermetallic  Al-Cu- 
Mn-Fe  suggests  that  some  alteration  might  be  expected  in  the 
couples  formed  between  this  phase  and  the  alloy  matrix.  E-log  i 

^  An  alternative  suggestion  is  that  =  inyug)  -  ii(anodic) »  such  that  cathodic  ero¬ 
sion  suppresses  .  However,  studies  on  Al  with  different  oxide  thickness  support 
the  claim  that  the  oxide  reduces  /j  because  q  is  lowered  when  Al  oxides  were  thicker. 
Moreover,  studies  of  Al  cathodic  kinetics  suggest  that  cathodic  corrosion  rates  should 
be  negligible  under  conditions  of  this  study.^^’ 


Journal  of  The  Electrochemical  Society,  148  (5)  B196-B207  (2001) 


B203 


i/Acm' 


Figure  9.  £*-log  i  behavior  of  untreated  (a)  and  3  min  CCC  (b)  Cu,  Al-Cu- 
J^-Fe  intermetallic,  and  AI  in  0.1  M  Na2S04  +  0.005  M  NaCl  at  500  rpm 
=  7.24  (rad 


Hata  for  AA  2024-T3,  and  the  intermetallics  (Fig.  8),  including  data 
"hown  in  Fig.  6  suggest  that  prior  corrosion  increases  net  cathodic 
kinetics.  Figure  8d  to  f  shows  that  5  min  CCC  and  the  addition  of 

tluble  chromate  (0.01  M)  to  the  electrolyte  (0.1  M  Na2S04 
0.005  M  NaCl)  have  the  effect  of  reducing  the  effects  of  prior 
corrosion.  Net  cathodic  kinetics  are  lowered  compared  with  the  un¬ 
treated  analogue  in  0.1  M  Na2S04  +  0.005  M  NaCl.  At  issue  is 
■Whether  the  inhibition  of  cathodic  kinetics  is  strictly  due  to  minimi¬ 
sation  of  OCP  corrosion  or  results  from  other  causes.  The  /j  vs. 
data  of  3  min  CCC  in  0.1  M  Na2S04  +  0.005  M  NaCl  compared 

I  with  the  untreated  analogue  in  the  same  electrolyte  suggests  that 
CC  could  also  act  as  a  barrier  to  the  ETR  since  higher  angular 
docities  do  not  seem  to  increase  the  /j  (Fig.  10).  This  is  not  all 
ogether  surprising  since  AI2O3  is  a  known  barrier  to  the  ETR,^  and 

I"r203  covered  Cr  also  experienced  reduced  cathodic  kinetics  in 
)ite  of  it  being  a  fairly  conductive  oxide  (Fig.  11a).  Indeed,  prior 
udies  have  found  that  the  rate  of  electron  transfer  between  electro- 
:hemically  passivated  Cr  and  several  redox  couples  decreased  expo- 

fntially  with  passive  film  thickness  between  5-25  The  pores 
d  cracks  observed  in  the  CCC  might  also  act  as  a  barrier  to  en- 
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Figure  10.  (a)  Oxygen  reduction  limiting  current  density  (/])  from  rotating 
disk  electrodes  comparing  untreated  and  3  min  CCC  (a)  Cu,  AI-Cu-Mn-Fe 
intermetallic,  and  AI  in  0.1  M  Na2S04  +  0.005  M  NaCl  (standard  solution), 
(b)  Results  from  untreated  samples  in  0.1  M  Na2S04  -f  0.005  M  NaCl 
+0.0038  M  H2Cr04  +  0.0062  M  Na2Cr04  (chromate  solution)  compared  to 
those  from  3  mm  CCC  in  standard  solution.  Levich  prediction  at  concentra- 
tion  of  6  ppm  (1.88  X  10“"^  M)  dissolved  O2. 


hanced  O2  transport  to  the  surface  of  the  metal  generated  by  the 
stirring  action  of  the  electrode  at  high  rotation  rates. 

XANES  (Fig.  5)  showed  that  Cr^"^  is  not  only  present  in  the 
CCC,  but  that  the  quantity  of  Cr^*^  present  increases  with  coating 
time.  This  is  consistent  with  the  findings  of  other  authors  who  have 
described  CCC  as  a  reservoir  for  Cr^"^  ions.^  Earlier  work^^  showed 
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Figure  11.  Oxygen  reduction  limiting  current  density  (/j)  from  rotating  disk 
electrodes  for  (a)  Cr  and  (b)  Au  in  0. 1  M  Na2S04  +  0.005  M  NaCl,  □;  0. 1 
M  Na2S04  +  0.005  M  NaCl  +  0.0038  M  H2Cr04  +  0.0062  M  Na2Cr04, 
0 ;  and  in  0.1  M  Na2S04  +  0.005  M  NaCl  after  a  2  h  pretreatment  in  0.1  M 
Na2S04  +  0.005  M  NaCl  +  0.0038  M  H2Cr04  +  0.0062  M  Na2Ci04,  X. 
Levich  prediction,  O,  at  a  concentration  of  6  ppm  (1.88  X  10"*  M)  dis¬ 
solved  O2. 


that  competitive  adsorption  between  chromate  and  O2  may  cause 
fewer  sites  to  be  available  for  O2  reduction  thereby  resulting  in  a 
reduction  in  net  cathodic  kinetics  albeit  at  more  positive  potentials 
not  typical  of  the  OCP  of  AA  2024-T3.  From  all  of  the  above,  it  is 
quite  apparent  that  the  CCC  system  is  a  very  complicated  one  with 
regard  to  the  inhibition  of  mass  transport  limited  ORR  kinetics. 

Four  mechanisms  for  inhibition  of  mass  transport  limited  ORR 
kinetics  on  CCC  electrodes  are  therefore  possible:  (/)  anodic  inhibi¬ 
tion,  and  a  subsequent  effect  on  cathodic  kinetics  through  reduction 
in  surface  roughness,  (ii)  formation  of  a  relatively  poorly  conducting 
phase  that  serves  as  a  barrier  to  ETR,  (in)  a  physical  barrier  that 
diminishes  O2  mass  transport  (because  the  expected  reduction  in  O2 
diffusion  boundary  layer  due  to  electrode  rotation  does  not  penetrate 
into  the  coating’s  pores  and  cracks),  and  (/v)  chromate  ion  blockage 
of  electrode  surface  by  competitive  adsorption  with  O2  reduction 
sites. 


CCC  as  a  corrosion  (anodic)  inhibitor. — Prior  corrosion  damage 
in  chromate-free  solutions  (before  cathodic  polarization)  increases 
the  net  cathodic  kinetics  on  a  metal  surface  (Fig.  6).  The  degree  to 
which  the  net  cathodic  kinetics  are  affected  depends  on  the  extent  of 
prior  corrosion  damage.  The  OCP  of  AA  2024-T3  is  close  to  the 
pitting  potential  due  to  the  presence  of  C\~  in  the  electrolyte  (Fig. 
8a).  This  results  in  pitting  corrosion  at  OCP  (Fig.  8a).  Both  CCC 
and  soluble  chromate  (0.01  M)  inhibit  anodic  (and  hence  OCP)  cor¬ 
rosion  on  AA  2024-T3  and  the  Al-Cu-Mg  intermetallic  phase  (Fig. 
8a,  b,  and  f)»  and  is  expected  to  also  inhibit  any  OCP  corrosion  that 
might  occur  on  the  Al-Cu  and  Al-Cu-Mn-Fe  intermetallics.  This  is 
consistent  with  the  findings  in  earlier  work.^^’"^^  CCC  offers  better 
inhibition  of  large  matrix  pit  formation  on  the  AA  2024-T3  matrix 
compared  anodic  inhibition  on  the  Al-Cu-Mg  intermetallic  (Fig.  8a, 
b,  and  f).  This  gives  credence  to  the  notion  that  most  intermetallic 
compounds  found  in  AA  2024-T3  resist  CCC  formation  and  as  a 
result  generally  possess  poorer  coatings  compared  with  the  rest  of 
the  A1  matrix.*^  As  a  result,  CCCs  given  minimal  leaching  of  Cr^'*' 
are  by  themselves  not  as  effective  as  soluble  chromate  in  offering 
corrosion  protection  on  intermetallic  compounds.  However,  Fig.  8b 
shows  that  CCC  still  offers  some  protection  and,  net  cathodic  kinet¬ 
ics  are  lowered  compared  to  the  untreated  surfaces  in  0.1  M 
Na2S04  +  0.005  M  NaCl. 

The  mechanism  by  which  CCCs  are  able  to  arrest  corrosion  is 
still  unclear.  Suggestions  have  been  made  that  this  might  be  con¬ 
nected  to  the  Cr^"''  ions,  which  these  coatings  carry  in  the  pores  and 
cracks.^’^"*’^^  However,  experiments  aimed  at  showing  the  release 
rate  of  Cr^"^  ions  from  CCCs  over  a  period  of  time  showed  that  the 
amount  of  Cr^"^  ions  leached  out  into  solution  might  not  be  enough 
to  account  for  the  extent  of  corrosion  inhibition  effected  by  these 
CCCs.^"^’"^^  An  alternative  mechanism  is  that  most  of  the  chromate 
ions  remain  within  the  pores  and  cracks  of  the  CCC  where  the  small 
amounts  of  Cr^’’"  and  slower  ionic  mobilities  would  be  mitigated  by 
the  relatively  shorter  distances  the  ions  have  to  travel  to  where  they 
were  needed  to  arrest  corrosion."^^  However,  authors  such  as  Halada 
et  al.^^  have  indeed  found  very  little  Cr^"^  ions  in  the  CCC  on  Al- 
Cu-Mg  intermetallics,  which  means  less  Cr^"^  is  available  to  arrest 
corrosion  on  chromate  converted  coated  intermetallic  compounds. 
Cr*^'*’  reduction  to  Cr203  could  provide  barrier  corrosion  protection 
of  the  intermetallic  compounds.  The  vital  result  is  brought  about  by 
CCCs  and  that  this  could  account  for  some  of  the  reduction  in  net 
cathodic  reaction  rate. 

CCC  as  a  relatively  poorly  conducting  phase  that  serves  as  a 
barrier  to  ETR, — ORR  studies  on  high  purity  Cr  with  a  Cr203  oxide 
address  whether  the  presence  of  hydrated  Cr203  in  the  CCC  reduces 
mass  transport  limited  ORR  kinetics  (Fig.  11a).  Pure  Cr  serves  as  a 
model  for  an  intermetallic  compound  surface  covered  with  Cr203 
(from  the  CCC  process).  The  predicted  value  of  I’l  from  the  Levich 
equation  is  far  higher  than  experimental  data  from  Cr  in  0.1  M 
Na2S04  -f  0.005  M  NaCl.  When  contrasted  with  the  behavior  of  an 
ideal  electronic  conductor  like  Au  (Fig.  11b),  which  has  no  oxide 
film,  nor  corrodes  at  OCP,  the  data  suggests  that  formation  of  even 
~thej:eMvely  conductive  Cr203  limited  ETR.  This  is  consistent  with 
other  snidies-Q^r.^^  Recall  that  the  CCC  is  composed  of  a  mixture 
of  AI2O3,  which  does  not  support  ETR  easily,^  and  a  hydrated  chro¬ 
mium  oxide  (Eq.  1).  All  these  taken  together  suggest  that  CCCs  may 
act  as  an  electronic  barrier  to  ETR  and,  hence,  might  contribute  to 
the  reduction  of  the  net  ORR  kinetics  as  observed  in  Fig.  10.  This 
has  been  observed  elsewhere  where  soluble  chromate  inhibited  ORR 
kinetics  on  brass.^ 

The  CCC  did  reduce  the  rate  of  the  ORR  on  the  intermetallic 
phase  and  Cu  (Fig.  10a).  However,  the  rates  on  A1  increased.  This  is 
not  surprising  since  the  rate  determining  step  on  A1  is  not  mass 
transport  of  O2  to  the  A1  surface  but  likely  the  rate  of  the  (ETR) 
across  the  AI2O3  oxide  film  because  it  is  either  semiconducting  or 
thin  enough  to  allow  tunneling.^  The  increase  in  the  rate  of  the  net 
cathodic  current  density  on  CCC  A1  surfaces  may  be  due  to  the 
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modifications  or  destruction  of  the  A1  oxide  film  during  the  CCC 
process,  specifically,  the  thinning  by  dissolution  of  the  AI2O3  oxide 
film  by  HF.  The  reasons  for  the  reduction  in  the  rate  of  the  ORR  on 
the  intermetallics  and  Cu  are  more  complicated.  There  is  a  difficulty 
in  separating  the  contribution  of  the  CCC  as  a  physical  barrier  which 
hinders  the  hydrodynamically  assisted  transport  of  O2  due  to  rota¬ 
tion  of  the  electrode,  from  its  role  as  an  electron  transfer  barrier,  and 
from  the  contribution  of  chromate  held  within  the  pores  of  the  CCC 
that  can  serve  as  an  anodic  inhibitor. 

In  experiments  aimed  at  separating  the  intrinsic  effects  (i.e.,  di¬ 
rect  effects  on  ORR)  from  extrinsic  effects  {e.g„  reduction  of  OCR 
corrosion,  oxide  film  alterations),  RDE  experiments  were  performed 
on  gold  (Au)  electrodes.  Au  was  chosen  because  it  did  not  corrode 
at  OCP,  nor  form  an  oxide  film  which  could  be  altered  by  chromate 
as  does  even  Pt.^^  On  Au,  the  highest  apparent  ORR.  occurred  when 
chromate  was  present  in  solution  (Fig.  11b).  This  was  most  likely 
due  to  the  additive  effects  of  the  ORR  rate  and  the  reduction  of  Cr^"^ 
to  Cr^'*'.  However,  there  was  no  effect  on  ORR  when  Au  was  pre¬ 
treated  (immersed  at  OCP  for  2  h)  in  chromate  containing  solution 
(0.1  M  Na2S04  +  0.005  M  NaCl  +  0.0038  M  H2Cr04  +  0,0062  M 
Na2Cr04)  before  cathodic  polarization  in  nonchromate  solution  (0.1 
M  Na2S04  +  0.005  M  NaCl)  (Fig.  1  lb).  The  OCP  of  Au  was  below 
the  reversible  potential  associated  with  Cr^"*^  to  Cr^'*’  reduction  sug¬ 
gesting  that  a  Cr(in)  deposit  could  have  existed. 

The  role  of  the  CCC  solely  as  a  barrier  to  ETR  that  reduces  net 
cathodic  kinetics  on  AA  2024-T3  is  still  not  fully  understood.  A 
comparison  of  the  ORR  rate  on  3-  min  CCC  surfaces  in  0.1  M 
Na2S04  “f  0.005  M  NaCl  to  untreated  surfaces  in  the  presence  of 
chromate  in  solution  (Fig.  10b)  might  suggest  that  the  resistive  elec¬ 
tronic  barrier  role  is  not  appreciable  at  least  on  the  Al-Cu-Mn-Fe 
intermetallic  and  Al,  since  the  net  cathodic  reaction  rates  on  the 
chromate  conversion  coated  surfaces  are  higher  than  without  CCC. 
Therefore,  while  CCC  tends  to  increase  the  deposit  (coating)  thick¬ 
ness  by  the  production  or  formation  of  hydrated  chromium  oxides, 
the  same  process  may  actually  decrease  the  ETR  barrier  by  the 
possible  dissolution  of  AI2O3  by  F~  contained  in  the  coating  solu¬ 
tion. 

CCC  as  a  physical  barrier  that  diminishes  O2  mass 
transport. — The  lack  of  any  effect  of  on  /'i  (Fig.  10)  might  also 
be  partially  attributed  to  the  lack  of  penetration  of  O2  into  the  pores 
and  cracks  of  the  CCC  during  stirring  assuming  that  O2  reduction 
occurs  either  at  the  metal/coating  interface  or  at  the  base  of  pores  in 
the  CCC.  The  porous  coating  would  control  the  “effective”  bound¬ 
ary  layer  thickness  at  high  stirring  rates.  This  is  similar  to  what  is 
seen  for  ORR  on  metals  in  sea  water  with  calcareous  deposits.^ 


Thus,  O2  reduction  is  hampered  and  limited  by  the  pores  and  cracks 

■  lengths  in  the  CCC,  which  limit  reduction  in  boundary  layer  thick¬ 
ness.  While  it  could  be  argued  that  the  “ETR  barrier  effect”  of  the 
CCC  could  also  account  for  this  observation,  the  role  of  the  CCC  as 
a  bamer  to  hydrodynamically  aided  diffusive  transport  of  O2  to  the 

I  surface  below  CCC  cannot  be  ruled  out.  The  surfaces  of  CCCs  are 
very  rough  and  grow  rougher  as  coating  time  increases  (Fig.  4), 
According  to  CLSM  imaging  (Fig.  4),  some  of  the  pores  and  cracks 
in  a  3  min  CCC  could  be  as  deep  as  4  p.m.  Obviously,  even  under 

I  stirring  generated  by  the  rotation  of  the  electrode,  the  rate  at  which 
O2  will  diffuse  to  the  openings  of  these  cracks  and  pores  will  be 
different  from  the  rate  at  which  O2  will  penetrate  them.  These  pores 
and  cracks  could  behave  like  barriers  to  diffusion  of  O2.  This  is 

■expected  to  have  the  effect  of  slowing  down  the  rate  of  the  ORR. 
The  expression  for  calculating  the  diffusion  boundary  layer 
thickness  at  the  surface  of  a  rotating  disk  electrode  constructed  of  a 
perfect  electronic  conductor  is  given  by^^ 


[2] 


where  8501  is  the  diffusion  boundary  layer  thickness,  D  is  the  O2 
Igdiffusion  coefficient,  w  is  the  angular  velocity,  and  v  is  the  kine- 


Figure  12,  ij  as  a  function  of  ^  (square  root  of  angular  velocity)  corrected 
for  the  contribution  of  the  chromate  conversion  coating  according  to  Eq.  5. 
I>ccc  was  varied  between  lO""*  and  10"®  cm^  s~K  xccc  was  taken  to  be 
1  p,m. 


matic  viscosity.  Rotation  rates  of  500,  2000,  and  4000  rpm,  which 
were  employed  in  this  work,  translate  to  angular  velocities  of  52.36, 
209.44,  and  418.88  rad  s  \  respectively.  These  angular  velocities 
will  give  a  diffusion  boundary  layer  thickness  of  28.6,  14.0,  and  10 
[im,  respectively  (where  D  is  1.9  X  10“^  cm^  s“^  and  v  is  1.0 
X  lO"”^  cm^  s“*).  For  mass  transport  limited  ORR,  the  limiting 
current  density  is  given  by  the  expression 


nFDC^^^ 


where  8^01  is  the  O2  diffusion  boundary  layer  thickness,  D  is  the  O2 
diffusion  coefficient,  n  is  the  number  of  electrons  transferred  to 
reduce  1  mol  of  O2,  F  is  the  Faraday  constant,  and  C  is  the  bulk 
solution  concentration  of  O2.  If  the  coupled  transport  of  O2  through 
the  CCC  out  of  the  base  of  CCC  pores  is  taken  into  consideration, 
Eq.  3  becomes®^® 


_ _ 

(^sol^^sol)  (Xccc^^ccc) 


[4] 


Here  8501  is  the  diffusion  boundary  layer  thickness  at  the  solution/ 
CCC  interface  that  is  affected  by  stirring;  and  D^cc  are  the 
diffusion  coefficient  of  O2  in  the  solution  and  through  the  porous 
CCC  serving  as  an  interlayer,  respectively.  It  is  reasonable  to  as¬ 
sume  that  Z>soi  >  T>ccc .  Xccc  is  the  length  of  the  porous  layer  of 
the  CCC  that  is  not  affected  by  stirring,  F  is  the  Faraday  constant 
and  C  is  the  bulk  solution  concentration  of  O2.  Substituting  8501  in 
Eq.  4  with  the  expression  in  Eq.  2  gives  Eq.  5.  The  effect  that  a  CCC 
has  on  the  Zj  of  ORR  kinetics  is  described  by  the  set  of  curves  in  Fig. 
12  based  on  Eq.  5 


+  (xccc/Dccc)l 

For  the  set  of  curves  generated  in  Fig.  12,  «  =  4,  F  =  96,500  A  s, 
^buik  —  1-875  X  10  ^  mol  cm  ^  v  =  1.0  X  10“^  cm^  s“’, 

=  1.9  X  10~*  cm^  s“',  Xccc  was  taken  as  0.0001  cm,  and  Dccc 


^  The  full  derivation  of  Eq.  4  can  be  found  in  Ref.  68. 
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was  varied  between  10  to  10  ^  cm^  s  K  The  possibility  of  at¬ 
taining  a  Dqcc  value  of  10“"^  cm^  s“^  is  unlikely.  However,  for 
modeling  purposes,  this  value  was  included  to  describe  the  circum¬ 
stance  under  which  Levich  predictions  were  realized  by  nullifying 
the  contribution  of  the  CCC  (Xccc/^ccc)-  I*  is  seen  from  Fig.  12 
that  even  at  a  CCC  thickness  of  1  p,m  (0.0001  cm),  a  chromate 
conversion  coated  surface  would  suppress  ORR  rates  below  Levich 
predictions  and  /]  would  be  weakly  dependent  on  ^  as  observed 
experimentally.  Thus,  high  RDE  rotation,  which  lowers  8so|,  has  no 
effect  on  /^ccc  or  Xccc  •  The  behavior  of  coated  electrodes  in  Fig. 
10  can  be  explained  in  part  with  the  behavior  of  the  curves  in  Fig. 
12.  The  implication  is  that  corrosion  of  micrometer  scale  interme- 
tallic  compounds  embedded  in  the  Al-matrix  would  not  support  ca¬ 
thodic  reactions  of  the  massive  transport  limited  i]  a  1/r,  where  r  is 
the  radius  of  the  intermetallic  compound.  This  analysis  considers  no 
effect  of  CCCs  on  n,  or  the  effect  on  the  O2  reduction  reaction 
mechanism.  Comparison  of  Fig.  10  to  Fig.  12  suggests  that  some 
other  inhibiting  factor  is  still  operative. 

CCC  as  a  source  of  chromate  ions,  which  block  electrode 
surface  reduction  sites  by  competitive  adsorption  with  O2- — Prior 
work  showed  some  evidence  of  competitive  adsorption  for  reduction 
sites  between  O2  and  chromate  species  such  as  Cr04^”  and  Cr207^“ 
in  0.1  M  Na2S04  +  0.005  NaCl  +  0.0062  M  Na2Cr04  +  0.0038  M 
H2Cr04,  albeit  at  potentials  not  typical  of  the  OCP  of  corroding  AA 
2024-T3.^^  These  experiments  indicated  that  the  ORR  when  under 
charge  transfer  and  mixed  charge  transfer-mass  transport-controlled 
conditions  on  Au  and  Cu  electrodes  deviated  from  ideal  ORR  be¬ 
havior  in  the  electrolyte.^^  The  ORR  kinetic  behavior  of  these  elec¬ 
tronic  conductors  was  described  by  a  modified  Langmuir  adsorption 
isotherm,  which  satisfactorily  described  a  situation  where  anionic 
chromate  species  blocked  O2  adsorption  sites  on  the  metal  surfaces 
unless  potentials  become  negative.  Chromate  reduction  would  also 
block  sites  at  cathodic  potentials  if  the  reaction  products,  once 
formed  by  reduction,  limited  ORR  below  its  theoretical  mass  trans¬ 
port  limited  controlled  limit.  Nevertheless,  since  the  rate  of  ORR  on 
CCC  A1  surfaces  are  higher  than  on  pure  A1  (Fig.  10),  these  effects 
did  not  seem  to  be  strong  factors  on  CCC  surfaces  of  Al-based 
materials,  but  could  be  operative  on  Cu-bearing  materials. 

Conclusions 

1.  Net  cathodic  mass  transport  limited  ORR  kinetics  are  en¬ 
hanced  on  intermetallics  and  bulk  Cu  compared  to  pure  A1  in  0.1  M 
Na2S04  +  0.005  M  NaCl.  Reaction  rates  are  close  to  the  predictions 
of  the  Levich  Equation. 

2.  ORR  kinetics  on  Al-Cu-Mn-Fe  and  bulk  Cu  are  still  higher 
(compared  to  pure  Al)  in  the  presence  of  CCC  over  the  observed 
range  of  disk  rotation  rates,  but  do  not  follow  the  predictions  of  the 
Levich  equation.  This  could  be  partially  explained  by  the  role  of  the 
CCC  as  a  diffusive  barrier. 

3.  The  decrease  in  ORR  kinetics  observed  on  chromate  conver¬ 
sion  coated  RDE  of  Cu-bearing  electrodes:  Cu  and  Al-Cu-Mn-Fe. 
This  was  also  at  least  partly  due  to  the  suppression  of  prior  corrosion 
at  OCP.  The  role(s)  of  the  CCC  as  a  barrier  to  ETR  or  as  an  O2 
reduction  site  blocker  are  complicated  by  an  inability  to  separate  all 
the  variables. 

4.  ORR  kinetics  on  Cr  fall  below  predictions  of  the  Levich  equa¬ 
tion.  Thus,  the  thin  Cr203  oxide  limits  electron  transfer.  However, 
reduction  of  the  rates  of  ORR  due  to  Cr203  formation  on  chromate 
conversion  coated  Al-rich  surfaces  may  be  offset  by  speculated 
AI2O3  alteration  or  destruction  on  Al-based  materials. 
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Inhibition  of  Pitting  Corrosion  on  Aluminum 
Alloy  2024-T3:  Effect  of  Soluble  Chromate 
Additions  vs  Chromate  Conversion  Coating 


G.O.  Uevbare,  J.R.  Scully,  J.  Yuan,  and R.G.  Kelly* 


ABSTRACT 


Pitting  potentials  (Epd  of  ahiminum  alloy  (AA)  2024-T3  (UNS 
A92024)  were  improved  with  additions  of  0.01  M  sodium 
chromate  (Na^rO,,  pH  8)  and  0.0062  M  iVojCrO^  +  0.0038  M 
chromic  acid  (H^prO^,  pH  6)  additions  to  0.1  M  sodium  sul¬ 
fate  (NopSO^  +  0.005  M  sodium  chloride  (NaCU  pH  6)  after 
2-h  periods  at  open-circuit  potential  (OCP).  Chromate  conver¬ 
sion  coatings  (CCC)  on  AA  2024-T3  also  improved  £;«  in 
0.1  M  Na^04  0.005  M  NaCL  However,  CCC  AiH  not 

improve  the  Ep^,  determined  in  fast  potentiodynamic  scans 
without  periods  at  OCP.  These  tests  were  designed  to  mini¬ 
mize  chromate  leaching  and  long-range  transport  of 
chromate.  The  OCP  ofCCCAA  2024-T3,  AlyCu,  Al^CuMg, 
99.999%  Cu,  and  99.998%  Al  were  not  changed  sign^icantly 
in  0.1  M  Na^SOf  +  0.005  M  NaCL  Moreover,  the  OCP  of 
AA  2024-T3,  AUCu,  Al^CuMg,  and  99.999%  Cu  were  not 
changed  signijicantly  tnO.lM  Na^SO^  +  0.005  MNaCl  with 
the  addition  of  0.01  M  soluble  chromate  at  pH  6  and  pH  8. 

The  mass  transport  limiting  current  density  for  O2  reduction 
also  was  not  altered  signyicantly  by  CCC  or  soluble  chro¬ 
mate  additions.  Consequently,  if  the  AA  2024-T3  matrix  were 
polarized  locally  to  the  measured  OCP  of  the  intermetalUcs  or 
replated  copper ,  inhibition  of  stable  pitting  on  AA  2024-T3  is 
more  likely  to  result  from  suppressed  pit  stabilization  (in 
0.1  M  Na2S04  +  0.005  M  NaCl  with  the  addition  of  chromate 
at  pH  6  or  pH  8.  or  wUh  CCC)  than  from  eliminating  two 
aspects  associated  with  the  potency  of  local  galvanic  couples 
(e.g. ,  OCP  of  cathode  sites  and  their  oxygen  reduction 
reaction  kinetics  lORRl). 
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INTRODUCTION 


Al-based,  precipitation  age-hardened  alloys  contain¬ 
ing  Cu  and  Fe  are  particularly  prone  to  localized 
corrosion  such  as  pitting  and/or  alkaline  attack 
either  at  constituent  particles  or  caused  by  replated 
Cu.'  ®  It  is  well  known  that  chromate  conversion 
coating  (CCC)  and  anodization  of  Al  precipitation 
age-hardened  alloys  improve  corrosion  resistance, 
particularly  in  salt  spray  testing.^  '®  Therefore,  im¬ 
provements  in  the  salt  spray  corrosion  performance 
of  such  surface-treated  alloys  at  open  circuit  suggest 
that  either  one  or  more  of  the  four  stages  of  localized 
corrosion  at  the  anode  site  (i.e.,  nucleatlon.  stabiliza¬ 
tion.  growth,  and  repassivation)  or  the  properties  of 
the  most  active  cathode  sites  (e.g.,  Intermetallic 
phases  and  replated  Cu)  are  altered  by  the  presence 
of  the  CCC.  The  present  work  provides  preliminary 
insight  into  the  effects  of  CCC  on  pitting  and  inter¬ 
metallic  electrochemistry  when  Cr®*  is  available 
within  the  CCC,  and  when  it  is  leached  into  the 
solution  in  the  form  of  soluble  Cr®*."-''*  Chromate  is 
highly  soluble  in  water  and  is  an  extremely  effective 
solution  phase  corrosion  inhibitor,  particularly  for 
localized  corrosion.'®  '®  but  exact  mechanisms  of  inhi¬ 
bition  are  subject  to  debate. 

The  CCC  process  on  Al.in  a  dichromate  solution 
containing  sodium  fluoride  (NaF)  involves  the  foUow- 
ing  overall  electrochemical  reactions:'*  ''* 
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2A1  +  Cr207  +2H%6HF  = 

2AlF3(soluble)  +  CrjOg-HjO  +  SHjO  ^  ^  ^ 

If  only  a  small  amount  of  HF  is  present,  then  alumi¬ 
num  oxide  (AI2O3)  is  formed  as  well  and  the  overall 
reaction  is: 

2A1  +  Cr^O^'  +  2H*  +  2H2O  =  AI2O3  +  2Cr(OH)3  ^2) 

Thus,  CCC  consist  of  a  mixture  of  regions  of  chro¬ 
mium  (III)  hydroxide  (CrfOHJa)  at  sites  where 
chromate  was  reduced  along  with  regions  of  AI2O3. 

Cr«*  and  Cr^"  may  exist  within  the  CCC  in  several 
specific  forms.  19-21  Generally,  it  is  believed  that  reduc¬ 
tion  of  to  Cr^*  in  the  form  of  hydrated  chromium 
oxide  is  incomplete  and  that  CCC  typicaUy  contain 
9%  to  60%  Cr^'*’  chromate.  11-1^*22  Aging  of  coatings 
affects  the  apparent  amount  of  Cr®*  present  and  the 
amount  subsequently  available  to  be  leached.23-24 

Exact  mechanisms  by  which  chromate  or  CCC 
inhibits  metallic  corrosion  remain  unclear  and  may 
differ  in  solutions  of  different  halide/anion  ratios, 

temperatures, 25-27  and  pit  sizes,  i^-^®  Anodic  inhibition 

of  small  A1  pits  in  dilute  chloride  may  be  observed  in 
sodium  chloride  (NaCl)  solutions  containing  soluble 
chromate  additions, 12  but  is  not  always  observed.2® 
Anodic  inhibition  of  pits  at  high  chloride/chromate 
ratios  apparently  is  not  seen.2®-2®  Apparent  cathodic 
inhibition  of  intennetallics  has  been  reported  but  is 
subject  to  further  investlgation.2®-®® 

In  the  present  study,  the  influence  of  Cr®* 
present  within  a  CCC  was  compared  and  contrasted 
to  the  role  of  soluble  Cr®*  added  in  solution  on  the 
imtiation  and  stabilization  of  micrometer-sized  pits; 
the  open-circuit  potentials  (OCP)  of  intennetallics 
that  enable  galvanic  coupling;  and  O2  reduction  dif¬ 
fusion-limited  current  densities.  Open-circuit  pitting 
in  Al-Cu  and  Al-Cu-Mg  alloys  often  is  observed  to 
occur  in  the  matrix  adjacent  to  intermetallic  particles 
because  of  local  galvanic  coupling. At  issue  is 
whether  chromate  affects  pit  sites  or  alters  the  gal- 
vamc  driving  force  of  local  corrosion  on  AA  2024-T3 
(UNS  A92024)^^^  In  this  study,  soluble  chromate  was 
found  to  inhibit  pit  sites  formed  in  potentiodynamic 
scans  and  affected  the  OCP  of  A1  and  Al2oCu2(MnFe)3, 
but  did  not  affect  the  OCP  of  other  tested  intermetal- 
lics.  CCC  were  found  to  inhibit  open-circuit  pitting 
but  did  not  affect  the  OCP  of  the  intennetallics  with 
the  exception  of  Al2oCu2(MnFe)3. 

EXPERIMENTAL  PROCEDURES _ 

Studies  were  conducted  on  1.5-mm  thick  AA 
2024-T3  sheets  with  the  composition  (wt%):  4.5%  Cu, 


UNS  numbers  are  listed  in  Metals  and  Alloys  in  the  Unifed 
Numbering  System  published  by  the  Society  of  Automotive 
Engineers  (SAE)  and  cosponsored  by  ASTM. 


1.30%  Mg,  0.62%  Mn,  0. 18%  Fe,  0.10%  Zn,  0.093% 
Si,  0.018%  Ti.  0.012%  Ga,  0.011%  V.  0.009%  Cr, 
0.008%  Ni,  0.005%  Zr,  0.003%  Pb,  0.0006%  Sc, 

<  0.002%  Bi,  <  0.0005%  Co,  <  0.0005%  Ge,  and 
bal.  Al. 

Other  materials  studied  were  Al-4%  Cu,  99.998% 
Al,  AlaCu,  AljCuMg,  99.999%  Cu,  and  Al^oCuzCMriFela. 
Al-4%  Cu  was  solution  heat-treated  (SHT)  at  SSS^C 
for  1  h  and  quenched  in  water.  Two  scanning  elec¬ 
tron  microscopy-energy  dispersive  spectroscopy 
(SEM-EDS)  studies  on  AA  2024-T3  of  .similar 
composition  indicated  that  the  predominant 
micrometer-sized  intermetallic  phases  detected  were 
of  the  Al-Cu-Mg  and  Al-Cu-Fe-Mn  type*^  ®^-®*  with  a 
lesser  amount  of  the  Al-Fe-Cu.®  The  AlijSKMnFela 
phase  was  not  detected,  possibly  as  a  result  of  low  Si 
contents.®  Precipitate  phases  studied  were  AI2CU  and 
S-Al2CuMg.  Constituent  particles  of  interest  were 
Al7Cu2Fe  and  Al2oCu2{MnFe)3.  The  constituent  particle 
Ali2Si(MnFe)3  and  common  dispersoids  in  AA  2024- 
T3  (AlgMn,  Al2oCu2Mn3)  were  not  investigated. 
Estimations  from  Al-Cu-Mg  ternary  phase  equilibria 
at  430‘’C.  where  micrometer-sized  AljCuMg  second 
phases  might  remain  xmdissolved,  indicated  that  the 
weight  fraction  of  Al2CuMg  (S  phase)  present  was 
5.13%,  and  the  weight  fraction  of  AljCu  (6  phase) 
present  was  4.55%  in  equilibrium  with  an  Al-rich 
solid  solution.  However,  if  3%  Cu  depletion  occurs 
(i.e.,  falls  by  3%)  by  partitioning  of  Cu  to  other  Mn  or 
Fe-rich  constituents  formed  during  solidification,®^ 
then  the  equilibrium  weight  fraction  of  S  becomes 
2.61%  and  that  of  0  drops  to  0.47%.  This  was 
consistent  with  one  study  that  did  not  find  0 
microconstituents.®  Presented  residts  concentrated 
on  synthesized  AI2CU.  AljCuMg.  and  Al2oCu2(MnFe)3 
electrodes  that  were  mechanically  ground  with  sili¬ 
con  carbide  (SiC)  paper.  X-ray  diffraction  results  on 
these  castings  indicated  that  these  selected  synthe¬ 
sized  electrodes  consisted  predominantly  of  the 
aforementioned  intermetallic  phases.  Moreover,  a 
range  of  electrode  sizes  (0.0009  cm®  to  0.185  cm®) 
and  metallographic  techniques  were  used  in  attempt 
to  isolate  regions  consisting  of  a  single  phase  for 
study.  The  Al7Cu2Fe  phase  was  not  synthesized 
successfully  and  is  not  reported  further. 

CCC  was  performed  in-house  using  solutions 
containing  0.025  M  sodliun  dichromate  (NajCrjO,), 
0.024  M  NaF,  0.015  M  potassiiun  hexacyano  ferrate 
III  (KsFefCN)^,  and  nitric  acid  (HNO3,  added  imtil 
desired  pH  was  attained).  The  pH  of  the  solution  was 
1.2  to  2.2.  CCC  was  conducted  after  conventional 
cleaning  procedures.  ®s-»®  Coating  times  of  30,  180, 

300,  and  480  s  were  investigated.  Intermetallics  were 
coupled  to  AA  2024-T3  during  alkaline  cleaning, 
desmutting,  and  conversion  coating.  Intermetallics 
were  wet-ground  to  a  600-grit  finish,  alkaline 
cleaned,  and  desmutted  before  CCC.  Intermetallics, 
not  CCC,  were  wet-ground  to  a  600-grit  finish  before 
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experimentation.  AA  2024-T3  samples  were  de¬ 
greased,  alkaline  cleaned,  desmutted,  and  conversion 
coated.  Others  were  degreased  only  and  are  referred 
to  as  untreated.  CCC  was  compared  to  sulfuric  acid 
(H2SO4)  anodization.  The  alkaline  cleaning  solution 
contained  0.21  M  sodium  carbonate  (NaaCOJ  and 
0.23  M  sodium  phosphate  (Na3P04  pH  13)  while  the 
desmutting  solution  was  50%  (by. volume)  HNO3.  The 
AA  2024-T3  sheets  used  for  anodization  were 
degreased  prior  to  anodization.  Anodization  was 
carried  out  galvanostatically  at  a  current  density  of 
0.015  A/cm2  for  30  min  in  20%  (by  wt)  H2SO4.37 
The  thickness  of  anodized  film  was  estimated  to  be 
15  pm  to  20  vs  0.1  pm  to  1.0  pm  for  CCC.^ 
Sheets  also  were  coated  with  commercially  supplied 
Alodine  1200^  (Parker  Amchem  [now  Henkel  Corpora¬ 
tion])  for  30  s  and  180  s.  Salt  spray  testing  was 
performed  according  to  ASTM  B1 17  specifications  for 
CCC  AA  2024-T3  by  an  outside  laboratory  to  verify 
corrosion  inhibition.^®  All  electrochemical  testing  was 
conducted  on  specimens  between  48  h  to  120  h  old, 
and  the  presence  of  Cr®*  in  CCC  of  this  age  was  veri¬ 
fied  for  all  treatments  using  x-ray  absorption 
spectroscopy  (XAS).^^^ 

OCP  and  potentiodynamic  polarization  measure¬ 
ments  were  utilized  to  investigate  pitting.  It  is  now 
commonly  accepted  that  the  conventional  pitting 
potential  is  a  measure  of  stabilization  of  micropits 
that  may  have  formed  at  potentials  below  the  pitting 
potential.  Pitting  potentials  were  determined  us¬ 
ing  the  criterion  that  pitting  would  have  occurred  by 
the  time  the  anodic  current  density  of  the  specimen 
reached  3  x  10“®  A/cm^,  and  hence,  this  apparent 
current  density  criterion  was  taken  to  be  the  pitting 
threshold  for  the  various  systems. *^  ^2.41-43  At  this  cur¬ 
rent  density,  enough  anodic  charge  would  have  been 
passed  so  that  pitting  potentials  reflected  pit  stabili¬ 
zation  of  pits  large  enough  to  include  the  matrix  and 
not  solely  dissolution  of  a  small  region  of  S  phase  or 
metastable  pitting.  Cumulative  probability  plots  were 
constructed  using  procedures  reported  elsewhere.^ 

Two  measures  were  taken  to  decouple  and  dis¬ 
tinguish  possible  effects  of  time-dependent  chromate 
leaching  and  long-range  chromate  transport  fi'om  the 
possible  effects  of  a  thick  conversion  coating  or  oxide 
barrier  that  might  hinder  Ck  ion  ingress  and  penetra¬ 
tion.  Large  volume/electrode  surface  area  cells 
(>  250  cm®  per  1  cm®  of  electrode  surface  area  with  a 
solution  depth  of  9  cm),  short  times  at  OCP,  and 
moderately  fast  scan  rates  (1  mV/s)  were  used  to 
limit  test  duration.  This  allowed  the  investigation  of 
pit  initiation  and  stabilization  (Ep,J,  decoupled  from 


^  Trade  name. 

XAS  was  conducted  at  National  Synchrotron  Light  Source  (NSLS) 
at  Brookhaven  National  Laboratory  (BNL). 

Cathodic  scans  on  Pt  in  this  cell  indicated  negligible  effect  of 
1.2  cm  depth  and  small  volume  on  O2  reduction  limiting  current 
density  or  Pt  OCP. 


the  influence  of  significant  chromate  leaching.  These 
experiments  were  completed  in  <  10®  s.  Separate  OCP 
pitting  experiments  were  conducted  in  small  volume 
cells  (<  2  cm®  per  -  1  cm®  of  electrode  surface  area, 
solution  depth  of  1.2  cm  to  1.5  cm)  over  10®  s.^®^  A  re¬ 
motely  located  saturated  calomel  electrode  (SCE)  was 
used  to  detect  potential  fluctuations.  The  data  acqui¬ 
sition  rate  was  1  Hz.  The  goal  of  these  long-term  OCP 
experiments  was  to  create  conditions  under  which 
leached  chromates  from  CCC  might  be  present  in 
sufficient  concentrations  to  affect  potential  transients 
associated  with  formation  and  growth  of  small  pits 
not  driven  potentiostatically.  These  tests  were  con¬ 
ducted  in  0.05  M  NaCl  exposed  to  lab  air  such  that 
the  OCP  was  near,  but  below,  Ep,t. 

Chromate  leaching  experiments  were  conducted 
on  commercial  PA1200s  (Alodine  1200s  coating)  and 
in-house  chromate-coated  samples  by  exposing 
samples  to  smaU  volumes  of  deionized  water  for 
>  3,000  h.  Surface  area/solution  volume  ratios  of 
2:1  cm®/mLand  116:9  cm®/mL  (actual  volume) 
were  used  for  the  PA1200s  and  in-house  chromate 
samples,  respectively.  Aliquots  of  0. 1  mL  were 
removed  periodically  for  analysis.  Aliquots  were  not 
returned  to  the  cell  after  analyses.  The  volume  of  the 
cell  solution  was  maintained  by  the  addition  of  high  - 
purify  water.  The  aliquots  were  analyzed  using 
capillary  electrophoresis  (CE)  on  Quanta  4000^  sys¬ 
tem  (Waters  Co.).  Fused-silica  capillaries  of  75  jxm 
inner  diameter  (ID)  and  60  cm  length  were  used. 

The  CE  electrolyte  used  was  25  mM  phosphate 
buffer  (12.5  mM  potassium  dihydrogen  phosphate 
IKH2PO4]  +  12.5  mM  disodium  hydrogen  phosphate 
[Na2HP04l  +  1  mM  osmotic  flow  modifier  in  the  hy¬ 
droxide  form  (OFM-OHJ).  which  was  adjusted  to  pH  8 
before  use.  The  OFM-OH  was  prepared  by  passing 
10  mM  tetradecyl-trimethyl-ammonium  bromide 
solution  through  an  anion-exchange  resin  (Bio-Rad 
AG  1-X2^)  that  previously  had  been  rinsed  several 
times  with  0.1  sodium  hydroxide  (NaOH)  and  high- 
purity  water.  Sample  aliquots  were  separated  in  the 
capillary  by  imposition  of  a  constant  migration  cur¬ 
rent  of  50  pA.  Hydrostatic  injection  was  used  with  a 
sampling  time  of  30  s  and  a  height  of  10  cm.  Ultra¬ 
violet  (UV)  absorption  measurements  at  185  nm 
(using  a  mercury  lamp)  were  used  for  the  detection 
of  chromate. 

Polarization  experiments  were  performed  in  qui¬ 
escent  0.1  M  sodium  sulfate  (Na2S04)  +  0.005  M  NaCl 
(pH  6).  which  was  selected  based  on  characterization 
of  corrosive  environments  found  in  the  lap  joints  of 
aircraft.**®  In  these  joints,  many  other  anions  often 
exceeded  the  concentration  of  Ck.  This  environment 
is  more  realistic  for  aging  aircraft  than  more  concen¬ 
trated  NaCl  solution  (e.g.,  0.1  M  to  1.0  M  NaCl)  and 
provides  an  environment  where  effects  of  inhibiting 
treatments  on  OCP  and  Epjt  can  be  seen  indepen¬ 
dently.  Epi,  is  lowered  sign^cantly  as  a  function  of 
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FIGURE  1.  (a)  Mud-crack  morphology  of  the  CCC  (3-min  CCC  on 
AA  2024-T3).  (b)180-s  CCC  AA  2024-T3  showing  the  interior  for  pits 
formed  during  the  cleaning  (alkaline  cleaning  and desmutting)  process. 
It  clearly  shows  that  the  interior  of  the  pits  are  coated,  (c)  Even  at 

30  s  of  coating,  mud-crack  morphology  is  still  clearly  visible  inside 
this  pit. 


Cl .  OCP  above  Ep^  could  not  be  achieved  on  AA 
2024-T3  in  concentrated  NaCl  because  of  the 
nonpolaiizability  of  active  anodic  pit  reactions  at  and 
above  Ep,„  where  the  number  of  pits,  pit  size,  and 
growth  kinetics  of  pits  increased  rapidly  with  applied 
potential.  This  behavior  would  obscure  observation  of 
separate  effects  of  treatment  on  OCP  and  Ep„  in  a  po¬ 
larization  scan.  In  other  experiments,  0.01  M  sodium 
chromate  (NajCrOJ  was  added  to  0. 1  M  Na2S04  + 
0.005  M  NaCl  to  provide  soluble  chromate  At  pH  6, 
the  composition  of  the  electrolyte  was  0.1  M  Na2S04  + 
0.005  M  NaCl  +  0.0062  M  Na2Cr04  +  0.0038  M  chro¬ 
mic  acid  (H2Cr04).  At  pH  6,  the  chromate  species 
existed  in  solution  as  a  mixture  of  H2Cr04  (ca..  50%) 
dichromate  (CrjO?-  (ca..  30%)).  and  H2Cr04  {ca., 

20%).  The  composition  of  the  electrolyte  at  pH  8  was 
0. 1  M  Na2S04  +  0.005  M  NaCl  +  0.01  M  Na2Cr04.  At 
this  pH,  chromate  (CrOf)  was  the  predominant 
specie  in  solution  (ca..  96%).'^’^ 

RESULTS 


Salt  Spray  Testing  of  CCC  vs 
Untreated  AA  2024-T3 

Secondaiy  electron  microscopy  images  of  the 
surface  of  the  in-house  CCC  on  AA  2024-T3  with  a 
coating  time  of  180  s  revealed  a  mud-crack  appear¬ 
ance  (Figure  l(aj).  This  appearance  might  have  been 
a  result  of  the  dehydration  of  the  coating  during  the 
diying  process.  Transmission  electron  micrographs  of 
ultraimcrotomed  sections  of  aluminum  substrates 
with  CCC  by  other  authors  revealed  similar  appear¬ 
ances  in  their  coatings.'^-'®  Figures  1(b)  (coating  time: 
180  s)  and  (c)  (coating  time:  30  s)  show  the  presence 
of  pits  on  the  surface  of  the  CCC  AA  2024-T3.  Photos 
of  other  secondary  electron  microscopy  images  taken 
right  after  the  desmutting  process  Oust  before  CCC 
was  appUed)  revealed  that  these  pits  already  were 
present  at  this  stage.  As  can  be  seen  from  these  im¬ 
ages,  the  interior  of  the  pits  was  covered  completely 
by  the  CCC  even  after  a  coating  time  of  30  s. 

The  summary  of  the  times  until  failure  from  the 
salt  spray  test  appears  in  Figure  2.m>  The  30-s  and 
180-s  in-house  CCC  AA  2024-T3  passed  salt  spray 
test  (ASTM  B-117)39  as  specified  by  MIL-C-81706  and 
MIL-C-5541E,“  with  the  exception  of  the  sheets 
coated  in-house  with  Alodine  1200  for  30  s  (A30). 
These  results  also  showed  that  the  in-house  CCC 
performed  as  well  as  Alodine  1200  prepared  commer¬ 
cially  and  better  than  the  Alodine  1200  coating 
prepared  in  the  laboratory.  This  result  was  signifi¬ 
cant  because  it  indicated  that  the  CCC  used  and 


«'  ^C-445  IE  (quallflcaaon):  Failure  Is  said  to  have  occuired  If 
“J!  corrosion  pits  are  found  on  the  test  panel  after  168  h 

of  ASTM  B  1 1 7  salt  spray  test. 

MIl^C-81706  (quality  conformance):  Failure  Is  said  to  have 
occurred  If  any  visual  evidence  of  corrosion  Is  found  on  the  test 
panel  after  168  h  of  ASTM  B  117  salt  spray  test 
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discussed  was  at  least  equal  in  quality  to  the  com¬ 
mercial  product.  Thicker  CCC  (longer  treatments) 
were  found  to  contain  more  Cr®*  in  XAS  studies. 

Figure  3  shows  an  optical  micrograph  compari¬ 
son  of  the  in-house  CCC  with  a  coating  time  of  180  s 
after  exposure  to  salt  spray  for  744  h  to  the  im- 
treated  case  exposed  for  95.5  h.  Extensive  corrosion 
damage  occurred  on  this  uncoated  specimen.  Sec¬ 
ondary  electron  microscopy  images  revealed  the 
presence  of  small  pits  (pm-sized)  on  the  CCC 
specimen  compared  to  large  pits  on  the  imtreated 
specimen  (Figure  4).  These  corrosion  pits  were  easily 
distinguishable  from  those  already  existing  on  the 
metal  as  they  all  exceeded  10  pm  in  width  or  diam¬ 
eter.  Those  introduced  during  the  cleaning  process 
generally  did  not  exceed  10  pm.  The  principal  result 
of  the  salt  spray  testing  was  that  the  CCC  prepared 
and  utilized  in  subsequent  electrochemical  testing 
were  equal  or  superior  to  commercial  products. 

Chromate  Leaching  from  CCC 
AA  2024-T3  Exposed  in  Small  Volume  Cells 
Leaching  of  soluble  CrOJ*  was  observed  from 
commercially  and  in-house  prepared  CCC  after  soak¬ 
ing  in  hlgh-piulty  water.  A  typical  electropherogram 
of  one  of  the  aliquots  is  shown  in  Figure  5,  with  an 
aliquot  removed  at  zero  time.  The  time  dependence  of 
the  CrOJ-  concentrations  in  Figure  6  indicates  that 
the  leaching  rates  of  soluble  CrO|-  for  both  samples 
were  very  close,  ~  0.076  ng/ cm*-h  and  independent 
of  the  solution  volume  for  soaking.  These  results  can 
be  used  to  estimate  the  CrOJ”  concentrations  that 
would  develop  under  conditions  where  a  thin  water 


1,200 


Sheets 


FIGURE  2.  Summary  of  salt  spray  test  (ASTM  B117)  onAA2024-T3. 
Notation:  PI  =  specimens  were  degreased,  alkaline  cleaned, 
and  desmutted;  A30  =  coated  In-house  with  Alodine  1200  for  30  s; 
A180= in-house  with  Alodine  1200  for  180  s;  PA  1200  =  coated  by  a 
commercial  vendor  for  unknown  coating  time  with  Alodine  1200; 
IHCC30  =  in-house  CCC  reape  for  30  s;  IHCC 180  =  in-house  CCC 
recipe  for  180  s. 


film  exists  on  the  surface,  as  would  be  the  case  in 
salt  spray  testing  and  atmospheric  exposures.  A  first 
approximation  of  the  water  volume  present  can  be 
made  based  upon  the  atmospheric  corrosion  litera- 
ture.®‘  “  Under  high-humidity  conditions,  *  2  nL/cm* 
of  water  is  present  at  30®C.®*  Assuming  that  the 
CrOf  leaching  rate  observed  in  the  current  tests  can 


FIG  U  R  E  3.  Comparative  results  of  salt  spray  testing.  Left:  in-house  1 80-s  conversion  coating  (IHCC  1 80)  after  744  h.  Right: 
degreased/alkaline  cleaned/desmut  treatment  (PI )  after  95.5  h. 
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(b) 

FIGURE  4.  Surface  of  AA  2024-T3  with:  (a)  3-min  CCC  after  744  h 
of  salt  spray.  The  pits  caused  by  corrosion  during  salt  spray  test  are 
those  that  are  >  10  pm  in  diameter.  No  pits  formed  by  the  cleaning 
process  reached  dimensions  of  10  pm.  The  three  pits  meeting  that 
criterion  in  this  photo  appear  to  have  developed  from  several  sites 
close  together,  (b)  No  CCC  after  95.5  h  of  salt  spray.  Extensive 
corrosion  damage  occurred  within  this  very  large  pit.  It  is  clear  that 
destruction  is  more  extensive  than  on  the  CCC  sample  (Figure  4a). 

be  related  to  thin  water  film  conditions,  the  CrOf- 
concentration  on  the  surface  exposed  to  high  humid¬ 
ity  would  accumulate  at  a  rate  of  1  mM/h.  Thus, 
after  10  h.  a  chromate  concentration  of  10  mM  would 
be  expected. 

These  leaching  results  also  can  be  used  to  ap¬ 
proximate  the  concentration  of  chromate  that  would 
have  been  present  in  the  bulk  solution  during  the 
potentiod3mamlc  and  long-term  open-circuit  testing. 

In  the  fast  potentiodynamic  scans,  a  solution  volume 
of  250  mL  was  present  and  the  test  lasted  10^  s. 
Applying  the  same  assumptions  as  above  led  to  a 
maximum  chromate  concentration  of  9.4  x  lO"*®  M 


released  into  the  0.005-M  NaCl  +  0.1-M  Na2S04 
solution  dunng  a  fast  scan.  This  was  a  very  small 
concentration  of  chromate  available  in  solution 
relative  to  that  incorporated  in  the  CCC.  When  the 
samples  were  held  at  OCP  for  7.200  s  before  fast 
scans  lasting  10®  s.  the  total  concentration  of  chro¬ 
mate  that  would  have  leached  out  into  solution  in 
8.200  s  would  be  7.71  x  10-'®  M.  In  open-circuit 
testing  in  small  volume  cells,  similar  calculations 
predicted  a  chromate  concentration  of  4.2  x  lO*’’  M 
normalized  to  the  total  solution  volume  after  10  days 
immersion.  The  exact  size  of  the  Cr®*  reservoir  was 
not  determined. 

Pit  Initiation  and  Stabilization 
Decoupled  from  Chromate  Leaching  and 
Under  Conditions  Simulating  Leaching 

Figure  7  illustrates  E-log  i  behavior,  indicating  a 
clear  breakdown  potential  that  enabled  determina¬ 
tion  of  Epit.  The  question  concerning  the  benefits  of 
soluble  chromate  additions  compared  to  the  benefits 
of  Cr®*  contained  in  the  CCC  on  pit  initiation  and  sta¬ 
bilization  could  be  ascertained  by  their  effects  on  Ep„. 
Figure  8(a)  shows  Epi,  of  vmtreated  AA  2024-T3  in 
0. 1  M  Na^SO^  +  0.005  M  NaCl  in  comparison  to  its 
OCP.  It  was  seen  clearly  that  Ep,,  decreased  after  a 
2-h  wait  at  OCP  to  a  median  value  just  20  mV  above 
the  OCP.  Figure  8(b)  compares  results  from  un¬ 
treated  samples  to  those  of  untreated  AA  2024-T3  in 
0.1  M  Na2S04  +  0.005  M  NaCl  with  the  addition  of 
0.01  M  total  soluble  chromate  at  two  pH  levels.  Here, 
the  total  chromate  concentration  was  selected  to  ex¬ 
ceed  the  NaCl  concentration.  When  added  as  Na2Cr04 
(pH  8).  0.01  M  total  soluble  chromate  was  particu¬ 
larly  potent  in  raising  Ep„.  The  pH  of  a  NaCl  solution 
without  chromate  has  a  negligible  effect  on  Ep,t  of 
Al.®®-®^  Soluble  chromate  did  raise  Ep„  significantly. 
Other  studies  indicate  that  chromate  also  reduces  pit 
growth  and  metastable  pit  initiation  rates  on  Al.’®-®® 
Since  metastable  pits  grow  to  form  stable  pits,  any 
effect  of  chromate  on  metastable  pitting  adso  likely 
would  contribute  to  the  elevation  in  Ep„.  The 
elevation  in  Ep,,  obtained  in  the  scan  for  the  H2SO4- 
anodized  material  has  been  suggested  to  be  caused 
by  increased  incubation  times  enabled  by  the  thick 
oxide  layer  serving  as  a  barrier  to  (Cli  ingress.®* 

Figure  8(c)  compares  these  results  to  CCC  AA 
2024-T3  in  0.1  M  Na2S04  +  0.005  M  NaCl.  Here,  it 
was  seen  that  a  statistically  significant  elevation  in 
Ep„  was  achieved  for  CCC  AA  2024-T3  after  2  h  expo¬ 
sure.  Interestingly,  the  enhancement  in  Ep„  after  2  h 
at  OCP  was  much  more  significant  for  the  3-mln  CCC 
treatment  compared  to  the  30-s  CCC  treatment.  To 
separate  further  the  effect  of  any  Cr®*  leached  from 
the  coating,  a  separate  set  of  experiments  were  con¬ 
ducted.  Here,  the  electrol3fte  in  the  cell  exposing  the 
3-min  CCC  was  replaced  after  the  2-h  exposure  at 
OCP  with  fresh,  chromate-free  solution  before  the 
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FIGURE  5.  Typical  electropherograms  of  aliquots  removed  from 
chromate  leaching  experiments. 
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FIGURE  6.  Time  dependence  of  chromate  leaching.  Cumulative 
amount  of  chromate  increased  approximately  linearly  with  time  for 
the  Alodine  1200  and  the  in-house  CCC. 


anodic  polarization  scan  began.  The  significant  en« 
hancement  of  Ep^  with  conversion  coating  was  still 
maintained  in  spite  of  the  use  of  fi-esh  electrolyte  for 
the  polarization  (Figure  8Ic]).  The  reason  for  the  lower 
Epit  values  recorded  when  compared  to  the  set  where 
fresh  solution  was  not  used  for  the  polarization  scan 
phase  is  not  understood  fully.  In  contrast.  CCC  coat¬ 
ings  containing  Cr®*  did  not  raise  Ep^  in  fast  scans 
after  a  0-h  wait  at  OCP.  These  scans  were  designed 
to  minimize  chromate  leaching  as  well  as  the  time 
available  for  chromate  transport. 

Key  results  are  that  the  Ep^  of  CCC  AA  2024-T3 
increased  with  immersion  time  at  OCP  and  conver¬ 
sion  coating  time.  Soluble  chromate  is  known  to 
enhance  Epjt  of  Al,^®  and  this  also  was  confirmed.  Few 
studies  report  results  for  CCC  specimens  that  unam¬ 
biguously  separate  effects  of  the  coating  itself  from 
Cr®^  leached  into  solution.  Experiments  in  fresh  solu¬ 
tion  suggested  some  role  of  the  coating  itself  or  Cr®* 
within  the  coating. 

OCP  and  Oxygen  Reduction  Kinetics 
on  Intermetailics  Compared  to  Al  and  Cu 

An  example  of  OCP  behavior  as  a  function  of 
time  in  0. 1  M  Na2S04  +  0.005  M  NaCl  is  shown  for 
Cu.  Al.  AA  2024-T3,  Al-4%  Cu,  and  the  intermetailics 
in  Figure  9(a).  Examples  selected  were  representative 
of  the  typical  behavior  of  each  material.  There  was 
virtually  no  effect  of  electrode  surface  area  on  OCP, 
The  OCP  of  AlaCuMg  started  near  -1.1  Vsce  and 
shifted  in  the  positive  direction  toward  -0.8  Vsce* 
Dealloying  of  S-Al2CuMg  has  been  reported.®  It  is 
reasonable  to  h3^othesize  that  Cu  enrichment  raises 
the  OCP  of  this  phase  during  exposure.  The  OCP  of 
AljCu  and  Al2oCu2(MnFe)3  shifted  from  — 0.37  Vsce 
and  -0.5  Vsce»  respectively,  to  ~  -0.4  and  -0.35  Vsce* 
respectively,  then  remained  steady  over  time.  It  was 
seen  that  Al-Cu  and  Al-Cu-Fe-Mn  intermetallic 
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FIGURE  7.  AA  2024-T3  in  0.1  M  Na^O^  +  0.005  M  NaCI  +  0.01  M 
Na2Cr04.  The  figure  illustrates  E-log  i  behavior  indicating  clear 
breakdown  potential  that  enabled  determination  ofEpn-  was  taken 
as  the  potential  where  the  current  density  of  3  x  10-^  AJcnf  was 
attained.  Sample  was  used  in  as-received  condition  after  degreasing. 

phases  and  Cu  representing  replated  Cu  provided  a 
galvanic  potential  driving  force  for  the  corrosion  of 
AA  2024-T3  and  S-Al2CuMg. 

The  OCP  behavior  of  SHT  Al-4%  Cu  was  studied. 
It  simulated  the  matrix  of  AA  2024-T3  without  the  in¬ 
termetailics  present  (Figure  9),  The  OCP  of  Al-4%  Cu 
was  lower  than  those  of  Cu.  AlaCu,  Al2oCu2(MnFe)3. 
and  AA  2024-T3,  but  higher  than  that  of  pure  Al  in 
0.1  M  Na2S04  +  0.005  M  NaCl  (Figure  9[a]).  The  OCP 
of  SHT  Al-4%  Cu  also  remained  lower  than  those  of 
Cu  and  the  Cu-containing  intermetailics  in  the  pres¬ 
ence  of  soluble  chromate  (Figures  9[b]  and  [c]). 

Cathodic  polarization  curves  (not  shown)  also 
revealed  that  the  rate  of  cathodic  kinetics  on  Al  and 
Al-4%  Cu  were  reduced  significantly  compared  to 
those  on  Cu.  AI2CU,  Al2oCu2(MnFe)3,  and  AA  2024-T3. 
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FIGURE  8.  (a)  Cumulative  probability  ot  the  OCP  and  tor 
untreated AA  2024-T3  in  0.1  M  Na^O,  +  0.005  MNaCI.  Wis  figure 
shows  the  effect  of  the  2-h  wait  period  at  OCP  on  the  All  Ep,  were 
measured  from  polarization  curves.  Sweep  rate  was  1  mV/s.  Diagram 
key:  (O)  OCP  after  0  min  for  untreated  A/\2024-T3  In  0.1  M  Na2S04 
+  0.005 M  NaCI;  (%)  OCP  after  120  min  for  untreated /\A  2024-T3  in 
0.1  M  Na2S04  +  0.005  M  NaCI;  Epu  after  0  min  for  untreated 
AA  2024-T3  in  0.1  M  Na^04  +  0.005  M  NaCI;  (* )  Ep,  after  120  min 
for  untreated  AA2024-T3  in  0.1  M  NaiS04  +  0.005  M  NaCI. 


FIGURE  8.  (b)  Cumulative  probability  plot  of  Epp  for  untreated  and 
anodized  AA  2024-T3  in  0.1  M  Na^Op  +  0.005  M  NaCI  (pH  6), 
untreated  AA  2024-T3  in  0.1  M  NagS04  +  0.005  M  NaCI  +  0.0062  M 
Nafir04  +  0.0038  M  H^r04  (pH  6),  and  untreated /tA  2024-T3  in 
0. 1  MNa!S04  +  0.005  M Nad +0.01  MNa^r04  (pH8).  Sweep  rate 
was  1  mV/s.  Diagram  key:  (t>)  Epp  for  untreated /tA  2024-T3,  rest  time 
at  OCP  =  0  min;  (+)  Epp  for  untreated  AA  2024-13,  rest  time  at 
OCP  =  120  min;  (O)  untreated  AA  2024-T3  in  0.1  M  NasSOp  + 
0.005  M  NaCI  +  0.01  M  NapCrOp  (pH  8),  rest  time  at  OCP  =  0  min; 
(%)  untreated  AA  2024-T3  in  0.1  M  NagSOp  +  0.005  M  Nad  + 
0.01  M  NapCrtDp  (pH  8),  rest  time  at  OCP  =  120  min;  (b)  untreated 
AA  2024-T3  in  0.1  M  NapSOp  +  0.005 M  NaCI  +  0.0062 M  NapCrOp  + 
0.0038  M  HiCrOp  (pH  6),  rest  time  at  OCP  =  0  min;  (A)  anodized 
AA  2024-T3  in  0.1  M  Na^SOp  +  0.005  M  Nad  (pH  6),  rest  time  at 
OCP  =  120  min. 


These  results  support  the  suggestion  that  the  OCP  of 
AA  2024-T3  is  raised  significantly  by  the  presence  of 
AljCu  and  Al2oCu2(MnFe)3  phases  in  its  matrix,  which 
had  a  higher  OCP  and  supported  the  oxygen  reduc¬ 
tion  reaction  (ORR)  kinetics  at  enhanced  rates. 

Figure  9(b)  shows  OCP  results  in  0.1  M  Na2S04  + 
0.005  M  NaCI  +  0.01  M  Na2Cr04  (pH  8).  Figure  9(c) 
shows  OCP  results  in  0.1  M  Na2S04  +  0.005  M  NaCI 
+  0.0062  M  Na2Cr04  +  0.0038  M  H2Cr04  (pH  6),  while 
Figure  9(d)  shows  OCP  results  after  a  5-min  CCC 
treatment  in  0. 1  M  Na2S04  +  0.005  M  NaCI.  A  sum- 
maiy  of  the  OCP  after  2  h  is  shown  in  Table  1.  The  OCP 
are  compared  to  results  fi-om  the  literature  in  Table 
2.  Good  agreement  is  seen  with  the  literature.®®^ 

Figures  10  and  11  present  a  comparison  of 
OCP  in  0. 1  M  Na2S04  +  0.005  M  NaCI  to  those  after 
CCC  treatment®  or  after  the  addition  of  chromate  in 
a  plot  that  depicts  differences  in  OCP  as  departures 
firom  the  diagonal  line.  Measurements  close  to  the 
line  indicated  little  difference  in  OCP.  The  OCP  of 
AA  2024-T3,  AljCu,  AljCuMg,  and  99.999%  Cu 
were  unaltered,  while  that  of  99.998%  A1  was  raised 
only  TPtdien  chromate  was  added  to  0. 1  M  Na2S04  + 
0.005  M  NaCI  and  adjusted  to  pH  6.  Moreover,  the 
OCP  of  CCC  AA  2024-T3.  Al^Cu.  Al^CuMg.  and 
99.999%  Cu  were  not  changed  significantly.  Unlike 


®  CCC  while  galvanically  coupled  to  AA  2024-T3. 


FIGURE  8.  (c)  Cumulative  probability  plot  of  Epp  tor  untreated  and 
30-s  and  180-s  CCC  AA  2024-T3  in  0.1  M  NaiSOp  +  0.005  M  Nad 

(pH  6).  This  tigure  also  shows  the  effect  of  the  2-h  wait  period  at  OCP 

on  the  pitting  potentiai.  Sweep  rate  was  1  mV/s.  Diagram  key: 
(0)  untreated  AA  2024-T3,  rest  time  at  OCP  »  0  min;  )  untreated 
AA  2024-T3,  rest  time  at  OCP  =  120  min;  (O)  30-s  CCCAA  2024-T3, 
rest  time  at  OCP  =  0  min;  (9)  30-s  CCC  AA  2024-T3,  rest  time  at 
OCP  =  120  min;  (O)  3-min  CCC  AA  2024-T3.  rest  time  at  OCP  = 
0  min;  (U)  3-min  CCC  AA  2024-T3,  rest  time  at  OCP  =  120  min; 
(S)  3-min  CCC  AA  2024-T3,  rest  time  at  OCP  =  120  min  with  fresh 
solution  used  during  the  polarization  scan. 
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FIGURE  9.  (a)  First  2  h  ofOCP  of  A!  (99,998%),  Cu  (99.999%),  AA  2024-T3,  Af-4%  Cu,  AlgCu,  Al2oCu2(MnFe)3,  andAIzCuMg 
(Surfaces  of  the  materials  were  finished  by  wet-grinding  with  SOO-gritSiC  paper  except  AA  2024-T3,  which  was  used  in  an 
as-received  condition.)  in:  (a)  0. 1  M  Na^S04  -f  0.005  M  Nad  (pH  6);  (b)  0. 1  M  A/a^SO^  +  0.005  M  NaCi  +0.01  M  Na2Cr04 
(pH  8);  (c)  0. 1  M  NazSO^  +  0.005  M  NaCi  +  0.0062  M  Na2Cr04  +  0.0038  M  H2Cr04  (pH  6);  and  (d)  5-min  CCC  surfaces  in 
0.1  M  A/a^O^  +  0.005 MNaCi  (pH  6).  Oniythe  surfaces  ofAf2Cu,  At2oCu2(MnFe)3,  andAi2CuMg  were  finished  by  wet-grinding 
with  600-grit  SiC paper.  AH  others  were  used  in  the  as-received  condition.  (NA  ^  naturally  aged;  SHT=  solution  heat-treated) 


the  result  in  soluble  chromate  at  pH  6,  the  OCP  of 
99.998%  Al  was  not  raised  by  CCC  when  measured 
in  0. 1  M  Na2S04  +  0.005  M  NaCl.  Only  the  OCP  of 
AlaoCuaCMnFela  was  lowered  when  chromate  conver¬ 
sion  coated  in  the  pH  6  and  pH  8  chromate- 
containing  solutions. 

‘®'  Soluble  chromate  pretreatment  for  2  h  at  OCP  minimized  the 
cathodic  reduction  of  Cr^  in  solution  as  an  additional  cathodic 
reaction  during  ORR 


Finally,  the  diffusion-limited  current  density 
associated  with  O2  reduction  on  stationary  electrodes 
was  not  altered  by  CCC  or  soluble  chromate  pretreat¬ 
ment  (Table  3).^^  Faster  ORR  rates  were  still  observed 
on  the  intermetallic  phases  and  Cu  compared  to  Al 
and  AI-4%  Cu. 

The  key  result  was  that  some  of  the  factors  (e.g., 
differences  in  OCP  and  enhanced  cathodic  O2  kinet¬ 
ics)  that  promote  galvanic  corrosion  between  Al-Cu 
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TABLE  1 


n  2024-75,  SHT AI-4%  Cu,  AI,Cu,  AI^Cu^MnFe),,  AlfiuMg,  A!,  and  Cu  in  0.1  M  Na^O,  + 

0.005  M  NaCI,  0.1  M  Na^04  +  0.005  M  Nad  +  0.01  M  NazCr04  (pH  8),  0.1  M  NaS04  +  0.005  M  Nad  + 
n  nnc  aa  m  ^  Na2Cr04  +  0.0038  M  HiCrOt  (pH6).  OCP  of  CCC  Treated  Versions  in  0.1  M  A/a^SO,  + 

0.005  M  Nad  are  Shown.  Immersion  for  2  h  Before  OCR  was  Recorded.  All  Error  Values  are  at  a  95%  Confidence  Level. 


Electrolytes  AA  2024-T3 

AI2CU  Al2oCu2(MnFe)3 

AljCuMg  Al 

Cu 

A|.4%  Cu  (SHTI*)) 

Std.  Soln.®  -0.466  ±  0.01 

(pH  6) 

-0.406  ±0.014  -0.336  ±0.017 

-0.859  1  0.024  -1.070  1  0.151 

-0.097 1 0.009 

-0.792 

Std.  Soln.  + 

0.01  M  NajCrO, 

(pH  8)  -0.388  ±  0.066 

-0.3941  0.044  -0.567  1  0.041 

-0.824  1  0.024  -1.110  1  0.060 

-0.081  1 0.029 

-0.908 

Std.  Soln.  + 

0.0062  M  NajCr04  + 

0.0038  M  H2Cr04 

(pH  6)  -0.418  +  0.076 

-0.36310.102  -0.50510.103 

-0.841 1 0.003  -0.585  1  0.1 77 

-0.071  ±0.015 

-0.850 

CCCfC) 

in.  Std.  Soln.  -0.447  +  0  011 
(pH  6) 

—0.392  1  0.01 4  -0.423  1  0.044 

-0.887  1  0.047  -1.150  1  0.333 

-0.083  1  0.022 

— 

w  SHT  =  solution  heat-treated. 

®  Std.  Soln.  (standard  solution)  =  0.1  M  Na2S04  +  0.005  M  NaCI. 
tc)  CCC  time  is  5  min. 

TABLE 2 

Comparison  of  Some  OCP 

Intermetallic 

Environment 

Mean  OCP  (Vsce) 

Source 

e-Ai2Cu 

0.1  M  Na2SO«  +  0.005  M  NaCI 
(Undeaerated) 

-0.406 

This  study 

6-AI2CU 

0.91  M  NaCI  +  0.09  M  H2O2 
(Undeaerated) 

-0.440 

Reference  56 

8-AI2CU 

Sulfate  solution  vs  pH 
(N2  sparged) 

-0.450  to -1.100 

Reference  57 

S-Al2CuMg 

0.1  M  Na2S04  +  0.005  M  NaCI 
.  (Undeaerated) 

-0.859 

This  study 

S-AljCuMg 

1.0  M  NaCI 
(Undeaerated) 

-0.890 

Reference  58 

S- A I2CU  Mq 

0.5  M  NaCI 
(N2  sparged) 

-0.920 

Reference  59 

S-Al2CuMg 

0.91  M  NaCI  +  0.09  M  H2O2 
(Undeaerated) 

-0.910 

Reference  60 

Intermetallics  and  the  AA  2024-T3  matrix  and  active 
S-AlaCuMg  phase  were  not  changed  by  soluble  chro¬ 
mate  or  CCC.  The  OCP  of  the  Al-Cu-Mn-Fe 
intermetallics  however  was  lowered  slightly,  and  this 
would  be  expected  to  suppress  galvanic  driving  force. 

Comparison  of  Intermetallic  OCP  to  Ep/, 

The  OCP  of  an  intermetallic  in  each  solution  was 
compared  to  the  cumulative  probability  of  achieving 
a  given  Ep),  on  AA  2024-T3.  Soluble  chromate  and 


CCC  immersed  in  solution  for  2  h  were  shown  to 
shift  the  cmnulative  probability  of  pit  stabilization  to 
more  positive  potentials.  ConsequenUy,  the  galvanic 
coupling  of  the  Al-iich  matrix  of  AA  2024-T3  to 
replated  Cu  or  Cu-rich  intermetallics  resulted  in  a 
reduced  risk  of  pitting  (Figure  12).  A  more  significant 
benefit  was  obtained  from  the  positive  shift  in  Ep„ 
than  fi-om  any  lowering  of  the  OCP  of  any  inten^etal- 
lic  or  AA  2024-T3  itself.  In  fact,  because  chromate  is 
an  oxidizer,  the  mean  OCP  of  99.998%  A1  was  raised. 
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Only  the  OCP  of  Al2oCu2(MnFe)3  was  lowered  upon 
chromate  additions. 

OCP  Fluctuations  on  AA  2024-T3 

Small  volume/high  surface  area  cells  were  used 
to  examine  the  open-circuit  behavior  of  CCC  samples 
to  examine  the  benefits  of  chromate  incorporation 
and  leaching  under  less  severe  applied  voltages  than 
with  potential  scans.  Under  quiescent  conditions 
{as-prepared  electrolyte),  0.05  M  NaCl  was  used  to 
ensure  pitting  at  the  OCP.  The  OCP  of  untreated  AA 
2024-T3  steadily  decreased  and  fell  below  -0.9  Vsce 
after  39,600  s  (1 1  h).  This  fall  in  OCP  was  caused  by 
pitting  corrosion  on  the  metal  surface  under  open- 
circuit  conditions.  The  transient  of  the  first  9  h  is 
shown  in  Figure  13{a).  After  1.08  x  10®  s  (300  h)  of 
immersion,  the  OCP  rose  to  between  -0.4  Vsce  and 
-0.6  Vsce  and  remained  between  these  potentials  for 
the  remaining  1.728  x  10®  s  (84  h)  of  the  experiment. 
Relatively  large  pits  (mm  dimensions)  were  observed 
on  these  samples  after  the  experiment. 

In  contrast,  all  CCC  specimens  exhibited  the 
behavior  shown  by  the  180-s  in-house  CCC  sample 
(Figure  13[b]).  They  showed  recurring  periods  of  tran¬ 
sient  potential  drops  that  lasted  as  long  as  1,000  s 
and  fell  by  as  much  as  30  mV  before  they  recovered 
to  the  previous  potential.  These  OCP  fluctuations 
may  have  been  associated  with  pits  that  eventually 
repassivated.®®’®*  This  interpretation  was  supported 
by  visual  analysis  of  the  surfaces  at  the  end  of  the 
test.  Numerous  pits  and  general  discoloration  (as  a 
result  of  corrosion  products)  were  observed  on  the 
untreated  AA  2024-T3,  whereas  only  a  few  small  pits 
were  observed  on  the  CCC  AA  2024-T3  (Figure  14). 

DISCUSSION 


Chromate  Leaching  and  Transport 

Results  of  the  salt  spray  test  (Figures  2  and  3) 
agree  with  the  findings  of  other  authors  that  CCC 
improves  corrosion  resistance.^  *®  OCP  monitoring  of 
CCC  AA  2024-T3  immersed  in  0.05  M  NaCl  in  small 
volume  cells  showed  potential  fluctuations  suggest¬ 
ing  metastable  pitting  and  repassivation  (Figure  13). 
In  these  tests,  local  microstructural  heterogeneities 
created  local  galvainic  couples  responsible  for  corro¬ 
sion.*®  32.43.62-63  observation  that  CCC  AA  2024-T3 
exhibited  reduced  corrosion  in  a  salt  spray  test  and 
promoted  pit  stifling  in  small  volume  cells  did  not 
prove  whether  chromate  is  an  anodic  or  cathodic 
inhibitor.  Because  the  anode  and  cathode  sites  were 
local  to  the  freely  corroding  material  (i.e.,  in  close 
spatial  proximity  to  each  other),  either  mechanism  of 
inhibition  could  have  operated  to  suppress  corrosion 
in  these  tests  and  could  have  been  responsible  for 
potential  transients  indicative  of  repassivation.  Ca¬ 
thodic  limitations  to  pit  growth  in  Al-Cu  alloys  have 
been  proposed  owing  to  the  poor  ability  of  pure  A1  to 


FIGURE  10.  OCP  untreated  99.998%  Al,  AlsCuMg,  AA  2024-73, 
Af^Cu,  Al2oCu2(MnFe)3,  and99.999%  Cu  compared  with  those  of  their 
5-min  CCC  counterparts  in  0. 1  MNa2S04  +  0. 005 M  Nad  (pH  6)  after 
2h. 
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FIGURE  11.  OCP  (after  2  h)  of  untreated  99.998%  Af,  AI^CuMg, 
AA  2024-73,  AI-4%  Cu,  Ai^Cu,  Al2oCu2(MnFe)3,  and  99.999%  Cu  in 
0.1  M  Na2S04  +  0.005  M  NaCl  (pH  6)  compared  with  their  OCP  in 
0. 1  M  NaS04  +  0.005  M  NaCl  +  0.01  M  Na2Cr04  (pH  8)  and  0. 1  M 
NaS04  +  0.005  M  NaCl  +  0.0062  M  Na2Cr04  +  0.0038  M  H2Cr04 
(pH  6). 


support  cathodic  electron  transfer  reactions  (ETR) 
and  the  small  surface  area  fraction  of  intermetallic 
particles.®^ 

In  all  studies  involving  potentiodynamic  scans, 
the  potentiostat  was  the  counter  electrode  and 
supplied  cathodic  reactions,  and  any  role  of  micro- 
structure  in  supporting  cathodic  reactions  was 
minimized.  Pitting  potentials  on  AA  2024-T3  were 
raised  in  this  study  with  soluble  Cr®*  additions  in 
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^  .  TABLES 

Cafftodrc  Cwrenf  Dens/f/es  at  -0.75  Vscgfor  Untreated  and  5-min  CCCAA2024-T3  Samples  inOI  M  NaSO^  + 

Samples  In  0.1  M  Na^O,  +  0.005  M  Nad  +  0. 0062  M  Na2Crof+ 

0.0038  M  H2Cr04  (pH  6)  and  Untreated  In  0.1  M  Na^SO.,  +  0.005  M  Nad  +  0.01  Na^rO.  (pH  8) 

n  nnnfM  m  andAI^Cu  in  0.1  M  Na^SO,  (pH  6)  and  0. 1  M  Na^SO,  + 

AH  +  0.0038  MHfrO,(pH  6)  for  comparison.  AH  error  values  are  at  a  95%  confidence  level. 

AH  Values  were  Measured  from  Polarization  Curves  Taken  After  Holding  at  OOP  for  2  h.  [x]  is  the  Number  of  Repeats. 

Current  Density 
in  0.1  M  NajSO, 
after  Pretreatment  at  OCP 


Intermetallic/ 

Alloy/Metal 

Current  Density 
Untreated  in  Std.  Sofn. 
(A/cm^ 

Current  Density 

5-min  CCC  In  Std.  Soln. 
(A/cm*) 

Current  Density 
in  0.1  M  Na2S04 
(A/cm*) 

for  2  h  in  0.1  M 
Na2S04+  0.01  M  CrOJ-w 
(pH  6) 

(A/cm*) 

AI(B} 

0.1E-«to1E-' 

- 

- 

— 

AA  2024-T3 

5.363E-®±1.125E-® 

(11] 

3.067E-®±1.125E-' 

[11] 

2.960E-®±1.706E-® 

(6) 

3.439E-®±3.080E-® 

[2] 

AI2CU 

Al2oCu2(MnFe)3 

16.450E-®±5.789E-® 

(8] 

15.250E-'±  4.661  E-® 

[12] 

30.1 30E-®  ±317.100E-® 

[2] 

21.420E-«±  10.470E-® 

[7] 

60.790E-s±24.940E-« 

[6] 

7.942E-®±8.390E-® 

[4] 

Cu 

66.260E-®±17.220E-® 

- 

_ 

AI-4%  Cu® 
(SHT)® 

0.547E-® 

[1] 

- 

- 

intermetallic/ 

Alioy/Metal 

Current  Density 
wlthCrO^(pH6) 
in  Std.  Soln. 

(A/cm^ 

Current  Density 
with  CrO^(pH  8) 

In  Std.  Soln. 

(A/cm^ 

A|(®) 

- 

- 

AA  2024-T3 

4.276E-®±1.046E-® 

[5] 

2.435E-«±0.945E-« 

[8] 

AI2CU 

11.400E-®±  8.571  E-® 

[6] 

18.560E-*  ±  10.550E-® 

[11] 

Al2oCu2(MnFe)3 

2.832E-' ±4.006  E-® 

(6] 

5.727E-®±4.408E-« 

[8] 

Cu 

18.300E-«±8.254E-' 

[8] 

29.59E-*  ±  4.071  E-« 

19] 

A!-4%  Cufc> 

(SHT)(D) 

0.377E-® 

[1] 

0.222E-® 

(1] 

conductPri  in  n  i  M  wV  «A  ^^ecis  cainoaic  uhh  Kinetics.  Measurements 

mr>=th^°  M  Na2S04  to  minimize  Ci«*  reduction  as  an  additional  cathodic  reaction  besides  ORR. 
w  Cathodic  curent  density  of  Al  measured  at  -1  .SOVsce- 
Cathodic  current  density  of  AI-4%  Cu  measured  at  -1 .00  Vscp. 

<°>  SHT  =  solution  heat-treated. 


solution  or  with  CCC  after  2  h  of  exposure  at  OCP 
(Figures  8[b]  and  [cj).  Considering  that  soluble  Cr«* 
release  from  CCC  was  detected  in  this  and  other 
studies*^  ®®  and  reduction  products  of  chromate  were 
detected  at  pits  fonned  in  a  novel  cell  that  enabled 
transport  of  Cr®*  from  CCC  AA  2024-T3  to  tintreated 
2024-T3.«  it  is  suggested  that  Cr«"  is  transported  to 
pit  sites  in  the  bulk  solution  after  it  is  leached  from 


the  conversion  coating.  CoUectively,  these  results 
suggested  that  transport  of  chromate  to  anodic  pit 
sites  represented  one  form  of  anodic  inhibition.  In¬ 
deed,  anodic  inhibition  has  been  implicated  in 
several  studies.^'*-®®  However,  from  the  present  stud¬ 
ies,  the  amount  of  chromate  that  would  have  leached 
out  of  the  CCC  into  solution  in  the  8,200  s  (7,200  s 
at  OCP  and  1,000  s  for  potential  scan)  that  these 
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FIGURE  12.  OCP  of  intermetallics  compared  with  the  cumulative 
probability  of  achieving  the  Ep#  for  3-min  CCC  M  2024-T3  in  0.1  M 
NaiSOt  +  0. 005  M  Nad  (pH  6),  and  untreated  AA  2024-T3  in  0.1  M 
NaiSO,  +  0.005  M  Nad,  0. 1  M  Nas^t  +  0.005  M  Nad  +  0.01  M 
Na^rOt  (pH  8),  and  0.1  M  Na^SOt  +  0.005  M  Nad  +  0.0062  M 
NafirOt  +  0. 0038  M  HjCrOp  (pH  6).  There  was  a  2-h  wait  at  OCP  in 
all  experiments.  The  vertical  lines  are  the  OCP  indicated  at  the 
highest  values  attained  amongst  the  four  conditions  fisted  above  for 
each  of  the  intermetallics,  AA  2024-T3  and  Cu.  Refer  to  Table  1  for 
full  results.  Diagram  key:  for  untreated  AA  2024-T3  in  0.1  M 

NasSOt  +  0. 005  M  Nad;  (BjvEp#  for  3-min  CCCAA  2024-T3  in  0.1  M 
Na;SOt  +  0.005  M  Nad;  (O)  E^  for  untreated  AA  2024-T3  in  0.1  M 
Na^SO^  +  0. 005 MNaCI+O.OI  M  NafirO^  (pH  8);  (x.)  Epj  for  untreated 
AA  2024-  T3  in  0.1  M  Na!S04  +  0.005  M  Nad + 0. 0062  M  Na2Cr04  + 
0.0038  M  HpCrOp  (pH  6). 


experiments  took  (7.71  x  lO*'*  M)  was  not  enough  to 
cause  such  improvements  as  observed.  Therefore,  a 
simple  leaching  +  healing  (by  transport  of  Cr^  to  the 
pit  sites)  mechanism  is  not  adequate  to  explain  fully 
these  observations.  Also,  this  mechanism  might  be 
inadequate  to  explain  the  improvements  observed 
during  the  spray  test,®®  since  the  test  prescribes  a 
continuous  salt  spray  with  run  off  or  condensed 
water.  In  this  case,  any  chromate  that  leached  out  of 
the  CCC  was  likely  to  be  lost  as  the  liquid  phase 
drips  off  the  metal  surface. 

A  suggestion  as  to  how  CCC  was  able  to  improve 
pitting  corrosion  in  these  experiments  is  that  a  con¬ 
siderable  amount  of  the  Cr«*  incorporated  in  the  con¬ 
version  coating  was  not  leached  out  but  stayed  in  the 
coating.  Only  a  small  quantity  of  solution  will  exist 
within  pores  of  the  CCC  at  any  given  period  of  time  in 
salt  spray,  which  would  result  in  concentration  of  the 
remaining  Cr®*  within  the  CCC.  An  explanation  for 
the  observed  improvement  in  Ep,,  after  a  2-h  wait  at 
OCP  might  be  explained  by  the  need  for  time  to  allow 
the  dry  CCC  (Figure  1)  to  rehydrate  and  alter  the 
state  of  the  Cr®*  species  at  local  sites  within  the  CCC.®° 


Time  (s) 

(a) 


0  5,000  10,000  15,000  20,000  25,000  30,000  35,000 

Time  (s) 

(b) 


FIGURE  13.  OCP  Of  untreated  AA  2024-T3  in  0.05  M  Nad  (pH  6) 
showing  the  first 32,400  s  (9  h)  of  immersion  (a)  and  180  s  in-house 
CCC  AA  2024-T3  after  691,200  s  (192  h)  of  immersion  (b).  The 
lowest  potential  ever  observed  with  the  CCC  was -0.649  I/sce-  Notice 
the  OCP  fluctuations  in  the  CCC  sample. 


Apparently,  Cr®*  already  released  into  aqueous 
solution  is  supplied  easily  to  pit  sites.  Cr®*  incorpo¬ 
rated  in  CCC,  but  not  yet  released  in  solution, 
apparently  is  supplied  to  remote  pit  sites  with  more 
difficulty.  More  research  is  required  to  explore  the 
exact  mechanisms  of  Cr®*  transport  in  conversion 
coatings.  However,  it  is  clear  that  the  ionic  mobility 
of  Cr®*  present  in  a  polymer  of  covalently  bonded  Cr®* 
in  aluminum  hydroxide  (AlfOHy  might  be  lower  than 
its  mobility  in  an  aqueous  solution  in  the  form  of 
CrjO?',  HCrO;,  or  CrOJ".®®  For  instance,  mobility  of 
CrC^  in  an  aqueous  solution  is  8.81  x  Ift*'  cm®  V'*  s"’, 
while  that  of  Cr®*  in  chromium  (III)  oxide  (CrjOg)  is 
less  than  10"*°  cm®  V*'  s"‘  when  estimated  from  ex¬ 
trapolating  high-temperature  diffusivity  data  of  Cr®* 
in  CrjOs.®®-®®  It  would  be  reasonable  to  assert  that 
chromate  present  in  the  CCC  is  physically  closer  to 
pit  sites  such  that  slower  transport  rates  could  be 
overcome  by  shorter  transport  distances.  Recall  Fig- 
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(b) 

FtGURE  14.  Pit  formed  on  the  surface  of  M  2024-T3  after  >  300  h 
in  the  small  volume  cell  with:  (a)  3-mln  CCC .  Electrolyte  wasO.OSM 
Nad  (pH  6).  The  pit  is  small  compared  with  that  in  Figure  14(b). 
(b)  No  CCC.  Electrolyte  was  0. 05  M  Nad  (pH  6).  This  pit  measured 
~  0.1  cm  across.  This  demonstrates  the  protective  ability  of  CCC  on 
AA  2024-T3  in  this  electrolyte  when  compared  with  Figure  14(a). 


ures  1(b)  and  (c)  illustrating  CCC  directly  within  pits 
formed  during  alkaline  treatment  or  desmutting. 
However,  numerous  investigators  have  commented 
on  the  porosity  of  CCC,^'^®  suggesting  that  Cr®* 
transport  would  be  required  to  protect  porous  sites 
of  low  initial  Cr®"  coverage  as  well  as  scratches,  etc. 
Moreover,  the  high  deposition  current  density  re¬ 
ported  for  CCC  (e.g.,  3  mA/ cm*)  is  likely  to  result  in 
a  conversion  coating  that  is  neither  compact  nor  free 
of  imperfections.®® 

The  reasons  for  the  higher  Ep„  values  for  AA 
2024-T3  in  0. 1  M  Na2S04  +  0.005  M  NaCl  +  0.01  M 
Na2Cr04  (pH  8)  compared  with  0.1  M  Na2S04  + 

0.005  M  NaCI  +  0.0062  M  Na2Cr04  +  0.0038  M 


H2Cr04  (pH  6),  even  though  the  total  chromate  con¬ 
centrations  in  the  solutions  were  equal,  is  not  fully 
imderstood.  However,  one  explanation  is  that  the 
types  and  amounts  of  Cr«*  species  present  in  solution 
differ.  According  to  the  calculations  made  by  Kendig, 
et  al.,  30%  of  the  total  chromate  concentration  at 
pH  6  is  Cr20|".^®  At  pH  8,  96%  of  the  chromate  is 
present  as  CrOf'.  Hence,  concentration  of  exact  Cr®* 
species  differs. 

Creation  of  Local  Galvanic 
Coupies  with  Intermetaliics 

Pitting  corrosion  in  precipitation  age-hardened  Al 
alloys  often  is  observed  to  occur  adjacent  to  cathodic 
intermetallic  phases  (e.g.,  coarse  constituents  or  pre¬ 
cipitate  phases)'  ®  or  replated  Cu  often  released  from 
corroding  S-AljCuMg.®  Two  other  schools  of  thought 
exist.  One  suggests  that  pitting  occurs  by  selective 
particle  dissolution  when  particles  are  active.®"®-®'  ®® 
The  other  proposes  local  alkaline  attack  of  the  Al 
matrix  by  more  noble  particles.  Both  are  a  result  of 
galvanic  couples.  The  alkaline  attack  theoiy  lacks 
consistency  with  experimental  data  since  high- 
solution  flow  rates  should  eliminate  any  attack. 

This  is  not  observed.  Moreover,  the  pit  theoiy  is  sup¬ 
ported  by  the  removal  of  [C1-]  where  upon  attack  is 
suppressed.  Studies  that  seek  to  rationalize  the  ob¬ 
servation  of  open-circuit  pitting  in  the  Al  alloy 
matrix,  especially  when  adjacent  to  intermetaliics 
have  benefited  from  a  comparison  of  Ep„  to  the  OCP 
of  the  most  noble  intermetallic  present.®"*-®®  These 
comparisons  are  based  on  the  premise  that  the  most 
positive  galvanic  couple  potential  that  the  matrix  can 
achieve  is  that  of  the  most  cathodic  intermetallic 
phase  or  component.  Clearly,  current  and  potential 
distribution  mapping  is  required  to  specify  the  exact 
potential  of  the  matrix  at  any  distance  from  an  inter¬ 
metallic  phase.  However,  the  measured  overall  OCP 
of  AA  2024-T3  (Figure  9)  was  similar  to  that  of  some 
of  the  Cu-containing  intermetaliics,  suggesting  that 
these  phases  govern  the  overall  OCP  of  the  alloy  and 
that  at  some  locations,  the  matrix  may  achieve  this 
potential.  This  notion  was  supported  by  the  lower 
OCP  of  Al-4%  Cu  (which  simulated  the  matrix  of  AA 
2024-T3  without  the  intermetaliics)  when  compared 
to  that  of  AA  2024-T3.  If  the  OCP  was  near  or  at  the 
pitting  potential  of  the  matrix  in  the  selected  test 
solution,  then  the  likelihood  of  matrix  pitting  next 
to  the  intermetallic  particle  was  greater.  Corrosion 
adjacent  to  e-Al2Cu  phases®  and  Al-Cu-Mn-Fe  pre¬ 
cipitates®  was  observed,  and  this  would  be  expected 
based  on  the  OCP  data  of  Figure  9.  Therefore,  a  com¬ 
parison  of  pitting  potentials  to  intermetallic  OCP  is 
justified. 

The  data  suggest  that  Cu-bearing  intermetaliics 
such  as  AljCu  and  Al2oCu2(MnFe)3  all  had  OCP  in 
0.1  M  Na2S04  +  0.005  M  NaCl  that  could  induce  pit¬ 
ting  (Table  1  and  Figures  10  through  12).  However, 
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Cu  replating  is  the  most  detrimental  cathode  site 
using  this  line  of  reasoning  (Figure  12).  Cu  replating 
is  almost  always  observed  during  processing  of  AA 
2024-T3.“  ^OThe  question  is  whether  CCC  or  soluble 
chromate  additions  decrease  OCP,  and  therefore,  in¬ 
crease  the  potential  difference  between  the  OCP  of 
these  materials  and  Ep„  of  the  matrix.  Comparison  of 
AA  2024-T3  pitting  potentials  to  the  OCP  of  interme- 
tallics  and  Cu  with  and  without  chromate  as  well  as 
CCC  is  warranted  to  see  whether  they  are  altered  by 
chromate  or  CCC.  If  pitting  potentials  remain  im- 
changed  and  the  OCP  are  shifted  to  more  negative 
values  and  their  cathodic  kinetics  are  suppressed, 
then  cathodic  inhibition  would  be  implicated.  Alter¬ 
natively,  if  OCP  and  cathodic  reduction  reaction 
kinetics  remain  the  same  and  pitting  potentials  are 
raised  by  soluble  chromate,  then  inhibition  of  anodic 
kinetics  would  be  implicated. 

CCC  and  soluble  chromate  (at  the  levels  investi¬ 
gated  in  0. 1  M  Na2S04  +  0.005  M  NaCl)  were  not 
found  to  eliminate  the  galvanic  couple  caused  by 
local  microstructural  heterogeneities  in  the  solution 
tested  (Figures  9  through  1 1).  Another  factor  besides 
OCP  in  galvamc  coupling  is  the  ability  of  cathodes 
to  support  cathodic  reactions  at  enhanced  rates. 
Analysis  of  cathodic  polarization  curves  of  the  inter- 
metalUcs  and  AA  2024-T3  in  the  various  solutions  of 
study  revealed  only  slight  (if  any)  changes  in  the 
cathodic  kinetics  when  untreated  samples  in  0.1  M 
Na2S04  +  0.005  M  NaCl  were  compared  with  the  un¬ 
treated  samples  in  0.1  M  Na2S04  or  in  0.1  M  Na2S04 
after  a  2-h  pretreatment  in  0. 1  M  Na2S04  +  0.0062  M 
Na2Cr04  +  0.0038  M  H2Cr04.  Little  difference  was 
seen  between  CCC  samples  and  untreated  samples  in 
0. 1  M  Na2S04  +  0.005  M  NaCl.  Some  of  the  findings 
are  presented  in  Table  3  and  show  that  no  significant 
statistical  differences  were  observed  in  the  O2  reduc¬ 
tion  current  density  of  these  stationary  electrodes 
taken  at  -0.75  VgcE-'^  A  reduction  in  the  cathodic 
kinetics  would  have  occurred  if  cathodic  inhibition 
were  in  effect  on  these  samples.  Some  intermetallics 
do  not  deposit  CCC  easily  and  form  much  less  CCC 
compared  with  the  alloy  matrix.®®  The  key  result  was 
that  cathodic  inhibition  of  ORR  on  intermetallics  was 
not  seen.  However,  one  other  indirect  benefit  of  chro¬ 


mate  that  did  not  figure  directly  into  this  line  of 
reasoning  is  the  passivation  of  the  S  phase  by  chro¬ 
mate. Such  passivation  significantly  reduced  Cu 
replating,  which  would  be  of  enormous  benefit  to 
pitting  resistance  as  shown. 


CONCLUSIONS 


V  Soluble  chromate  (Na2Cr04)  at  a  concentration  of 
0.01  M  (pH  8)  substantially  inhibited  pitting  by  rais- 


O2  reduction  was  under  mass  transport  control  on  Cu-bearing 
intermetallics  at  -0.75  Vjce. 


ing  Epi,  of  AA  2024-T3  in  potentiodynamic  scans 
conducted  in  0. 1  M  Na2S04  +  0.005  M  NaCl. 

❖  Soluble  chromate  (0.0062  M  Na2Cr04  +  0.0038  M 
H2Cr04)  at  a  concentration  of  0.01  M  at  pH  6  slightly 
raised  Ep„  in  potential  scans  in  0. 1  M  Na2S04  + 

0.005  M  NaCl. 

❖  Soluble  chromate  (as  0.0062  M  Na2Cr04  +  0.0038  M 
H2Cr04.  pH  6,  and  0.01  M  CrO?-,  pH  8)  lowered  the 
OCP  of  Al2oCu2(MnFe)3.  The  OCP  of  this  phase  also 
was  lowered  slightly  when  CCC  was  applied. 

❖  Pitting  potentials  of  AA  2024-T3  were  raised  by 
48-h  to  120-h  lab  air  aged  CCC  after  2  h  at  OCP  in 
0.1  M  Na2S04  +  0.005  M  NaCl.  In  contrast,  48-h  to 
120-h  lab  air  aged  CCC  on  AA  2024-T3  did  not  raise 
Ep„  when  polarization  scans  were  conducted  immedi¬ 
ately  after  immersion.  Benefits  of  the  2-h  immersion 
at  OCP  were  preserved  when  fresh  test  solution  was 
used  for  polarization  scans  to  eliminate  the  presence 
of  Cr®*  in  solution. 

❖  Two  important  factors  (OCP  of  cathode  sites  and 
ORR)  influencing  the  driving  force  for  local  galvanic 
couples  created  by  Cu  and  AljCu  in  AA  2024-T3  were 
not  eliminated  by  CCC  or  soluble  chromate  at  pH  6 
or  pH  8  in  0.1  M  Na2S04  +  0.005  M  NaCl  solutions. 
Evidence  for  this  was  the  similarity  of  OCP  on  Cu, 
AI2CU,  and  AA  2024-T3  and  persistently  enhanced 
cathodic  current  density  data  on  Al-Fe-Mn-Cu  and 
Al-Cu  intermetallics  and  Cu  at  -0.75  Vsce  dominated 
by  O2  reduction. 
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Mass-Transport-Limited  Oxygen  Reduction 
Reaction  on  AA2024-T3  and  Selected  Intermetallic 
Compounds  in  Chromate-Containing  Solutions 

G.O.  Uevbare  and  J.R.  ScuUy* 


ABSTRACT 


Oxygen  reduction  reaction  (ORR)  kinetics  were  investigated 
on  synthesized  Al-Cu,  Al-Cu~Mg,  and  Al-Cu-Fe-Mn  intermetal¬ 
lic  phases  and  compared  toAA2024-T3  (UNS  A92024),  as 
well  as  high-purity  Al,  Cu,  and  Au.  These  tests  were  con¬ 
ducted  in  0,1  M  sodium  sulfate  with  and  without 

either  0.005  M  sodium  chloride  (NaCl,  pH  6),  0.01  Af  sodium 
chromate  (Na2Cr04,  pH  8).  or  0.0062  M  NasCrO^  +  0.0038  M 
chromic  acid  (H2Cr04,  pH  6)  additions  using  stationary  and 
rotating  disk  electrodes.  Mass-transport-rate-controlled  ORR 
were  near  theoretical  values  on  all  Cu-bearing  materials  and 
Au  in  0. 1  M  Na2S04  with  and  without  0.005  M  NaCl.  Theo¬ 
retical  limiting  current  densities  (CD)  were  not  achieved  in  the 
mass-transport-controlled  regime  on  Al  because  of  the  rate 
limitation  of  electron  transfer  through  its  oxide  film.  Four 
effects  of  chromate  additions  on  such  cathodic  reaction  rates 
were  identified  as  follows: 

Little  intrinsic  effect  of  chromate  pretreatment  on  mass- 
transport-controlled  ORR  on  high-purity  Cu,  Cu-containing 
ATbased  intermetallics,  and  Au  electrodes  in  the  absence  of 
open-circuit  corrosion.  Charge  transfer-controlled  and  mixed- 
controlled  ORR  are  lowered  possibly  by  the  blocking  of  Os 
adsorption  sites  by  chromate  anions. 

—  Decreased  net  cathodic  kinetics  on  AA2024-T3  as  a  func¬ 
tion  of  the  degree  to  which  chromate  suppressed  open-circuit 
pitting  corrosion  prior  to  cathodic  polarization. 

Increased  net  cathodic  kinetics  on  high-purity  Al. 
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—  Decreased  ORR  kinetics  on  S-AlzCuMg  as  a  result  of  mini 
mization  of  Al(Mg)  dissolution  and,  subsequently,  minimiza¬ 
tion  of  the  formation  of  a  high,  Cu-rich  surface.  Comments 
are  made  regarding  the  influence  of  each  of  these  phenom¬ 
ena  on  open-circuit  pitting  of  AA2024-T3. 

KEY  WORDS:  AA2024,  aluminum,  chromate,  copper,  gold, 
intermetallic  compounds,  mass-transport  rates,  oxide  films, 
oxygen  reduction  reaction  kinetics,  sodium  chloride 

INTRODUCTION 


Aluminum-based  precipitation  age-hardened  alloys 
containing  Cu  and  Fe  are  particularly  prone  to  local¬ 
ized  corrosion  such  as  pitting  often  induced  by  local 
galvanic  cells  formed  by  Cu-  and  Fe-containing  inter¬ 
metallic  phases  or  replated  Cu.^  ®  In  AA2024-T3  (UNS 
A92024),<^^  pit  initiation  sites  include  Al-Cu-Mg  par¬ 
ticles.*  the  periphery  of  Cu-enriched  Al-Cu-Mg  par¬ 
ticles  that  have  been  dealloyed  of  Al  and  Mg,^  and  the 
matrix  adjacent  to  Al-Cu-Fe-Mn  particles.®  In  fact, 
coalesced  pit  sites  that  promote  fatigue  initiation  of¬ 
ten  are  formed  near  constituent  particles.®  It  is  well 
known  that  chromate  conversion  coating  (CCC)  and 
anodization  of  Al  precipitation  age-hardened  alloys 
improve  localized  corrosion  resistance,  particularly  in 
chloride  salt  spray  testing.  *  27-®  Improvements  in  the 
localized  corrosion  performance  of  such  surface- 
treated  alloys  suggests  that  either  one  or  more  of 
the  four  stages  of  localized  corrosion  at  the  anode 
site  (i.e.,  nucleation,  stabilization,  growth,  and 
repassivation)  or  the  properties  of  cathode  sites  (e.g.. 
cathodic  intermetallic  phases  and  replated  Cu)  are 
altered  by  the  presence  of  the  CCC.  This  paper  pro- 
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vides  preliminaiy  insight  into  the  role  of  reported 
leaching  of  Cr(VI)9“'  as  a  possible  means  of  altering 
the  cathodic  electrochemistry  of  active  anodic  or 
cathodic  intermetallic  phases.  Chromate  is  highly 
soluble  in  water  and  is  an  extremely  effective  solu¬ 
tion  phase  corrosion  inhibitor,  particularly  for  local¬ 
ized  corrosion. '3  *8  Effects  of  chromate  on  the 
corrosion  electrochemistry  of  intermetallics  that 
create  galvanic  cells  in  Al-based  precipitation  age- 
hardened  alloys  is  at  present  uncertain. 

The  CCC  process  on  A1  in  a  dichromate  solution 
containing  sodium  fluoride  (NaF)  Involves  the  follow¬ 
ing  overall  electrochemical  reaction: 

2A1  +  Cr^Oj"  +  2H*  +  6HF  = 

2AIF3  (soluble)  +  CrgOg  -  H2O  +  SHgO  *  ^ ' 

If  only  a  small  amount  of  hydroflouric  acid  (HF)  is 
present,  then  aluminum  oxide  (AI2O3)  is  formed  as 
well,  and  the  overall  reaction  is: 

2A1  +  CrjO^"  +  2H*  +  2H2O  =  AI2O3  +  2Cr(OH)3 

Thus.  CCC  consist  of  a  mixture  of  regions  of  chro¬ 
mium  hydroxide  (Cr(OHl3)  sites  where  chromate 
was  reduced  along  with  regions  of  AI2O3.  Thus, 

A1  oxidation  is  required  to  form  CCC,  and  it  is  rea¬ 
sonable  to  expect  that  these  reacUons  are  also 
thermodynamically  and  chemically  possible  on  Cu- 
contalning  intermetallic  phases  that  include  a  signifi¬ 
cant  concentration  of  Al.  Cr«*  and  Cr®*  may  exist 
within  the  CCC  in  several  specific  forms.'**’  It  is  gen¬ 
erally  believed  that  reduction  of  Cr®*  to  Cr®*  in  the 
form  of  hydrated  chromium  oxide  is  incomplete  and 
that  CCC  typically  contain  9%  to  60%  Cr«*  chro¬ 
mate. Aging  of  the  coatings  affects  the  amount 
present  and  the  amount  subsequently  avail¬ 
able  to  be  leached  out.*®  *■>  Cr®*  can  be  reduced  to  Cr®* 
by  a  number  of  reactions.  If  the  formation  of  chro¬ 
mium  oxide  {Cr203)  at  pH  6  and  pH  8  is  considered: 

2HCr04  +  8H*  +  6e"  =  CraOg  +  SHjO 
Esce  =  0.354  V  (pH  6) 

Cr^O^-  +  8H*  +  6e-  =  Cr203  +  4H2O 
^SCE  =  0.358  V  (pH  6) 

2CrO*-  +  lOH"  +  6e-  =  Cr203  +  5H2O 
^SCE  =  0-  172  V  (pH  8) 

These  potentials  are  negligibly  affected  by  the  forma¬ 
tion  of  Cr{OH)3  instead  of  Cr203.  Hence,  chromate  is 
an  oxidizer  when  added  to  near-neutral  solutions. 
Moreover,  these  reaction  products  are  thermody¬ 


namically  possible  over  the  potential  range  near  the 
open-circuit  potential  (OCP)  of  AA2024-T3  in  near- 
neutral  pH  chloride  solutions  (e.g.,  -0.5  V  vs  satu¬ 
rated  calomel  electrode  (SCE]  to  -0.6  Vsce)  and  will 
occur  concurrently  with  O2  reduction  (e.g.,  0.635  Vsce) 
and  H2O  reduction  (e.g..-0.595  Vsce). 

Exact  mechanisms  by  which  chromate  or  its  re¬ 
action  products  inhibit  metallic  corrosion  remain  un¬ 
clear  and  may  differ  in  solutions  of  different  halide / 
anion  ratios,  temperatures,*®  **  and  pit  sizes. '*  *8  An¬ 
odic  inhibition  of  small  Al  pits  in  dilute  chloride  may 
be  observed  in  sodium  chloride  (NaCl).  solutions  con¬ 
taining  soluble  chromate  additions'*  but  is  not  al¬ 
ways  observed.**  Anodic  inhibiOon  of  pits  at  high 
chloride/chromate  ratios  is  not  seen.*®  **  Apparent 
cathodic  inhibition  of  intermetallics  has  been  re¬ 
ported  but  is  subject  to  further  investigation.**  ®*  One 
issue  is  whether  these  reaction  products  alter  the 
cathodic  kinetics,  in  what  is  normally  the  mass- 
transport-limited  oxygen  reduction  reaction  (ORR) 
regime  by  lowering  the  rate  of  electron  transfer 
through  Al-Cr-rich  oxides. 

In  this  study,  effects  of  soluble  chromate  addi¬ 
tions  on  ORR  rates  were  addressed  to  ascertain 
whether  chromate  additions  can  intrinsically  alter 
net  cathodic  reaction  rates  so  as  to  minimize  the 
ability  of  local  heterogeneities  to  form  potent  galvanic 
couples  on  AA2024-T3. 

EXPERIMENTAL  PROCEDURES 


Studies  were  conducted  on  mill-finished  surfaces 
of  1.5-mm  thick  AA2024-T3  sheets  with  the  following 
composition  (wt%):  4.5%  Cu,  1.30%  Mg.  0.62%  Mn. 
0.18%  Fe,  0.10%  Zn,  0.093%  Si,  0.018%  Ti, 

0.012%  Ga,  0.011%  V,  0.009%  Cr,  0.008%  Ni, 

0.005%  Zr.  0.003%  Pb,  0.0006%  Sc,  <  O.OO20/0  Bi, 

<  0.0005%  Co.  <  0.0005%  Ge,  and  bal.  Al.  Scanning 
electron  microscopy/ energy-dispersive  spectroscopy 
(SEM/EDS)  studies  indicate  AI-Cu-Mg  and  Al-Cu- 
Mn-Fe  constituents  on  these  surfaces.  Other  materi¬ 
als  studied  were  99.998%  Al.  AI2CU.  AljCuMg, 
99.999%  Cu,  99.9985%  Au,  and  Al2oCu2(MnFe)3.  Two 
SEM/EDS  studies  on  AA2024-T3  of  similar  composi¬ 
tion  indicated  that  the  predominant  micrometer¬ 
sized  intermetallic  phases  detected  were  of  the 
Al-Cu-Mg  and  Al-Cu-Fe-Mn  type. '■3  ®'-®*  with  a  lesser 
amount  of  the  AI-Fe-Cu  phase.*  This  is  consistent 
with  one  study  that  did  not  find  0  microconstituents* 
and  Al-Cu-Mg  phase  equilibria.®®  The  Ali2Si(MnFe)3 
phase  was  not  detected,  possibly  because  of  low  Si 
contents.'  Precipitate  phases  studied  here  were  AI2CU 
and  Al2CuMg.  Constituent  particles  of  interest  were 
Al7Cu2Fe  and  Al2oCu2(MnFe)3.  The  AlyCujFe  phase 
was  not  successfully  synthesized  and  is  not  reported 
further.  The  common  dispersolds  in  AA2024-T3 
(AlsMn.  Al2oCu2Mn3)  were  not  investigated  here.  This 
study  concentrates  on  synthesized  AljCu,  Al2CuMg, 
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FIGURE  1 .  Two  possible  models  for  equivalent  circuits  representing 
a  porous  or  defective  anodic  film.  is  resistance  of  the  electrolyte. 
R2  end  R3  could  represent  the  resistance  of  the  porous  layer  and  the 
resistance  of  either  the  barrier  layer  or  charge  transfer.  C,  and  C2 
are  constant  phase  elements  and  would  represent  the  pores  in  the 
film  barrier  layer  or  interfacial  capacitance  within  the  pores.  Both 
circuit  models  yield  identical  circuit  parameters. 


and  Al2oCu2(MnFe)3  intermetallic  castings.  X-ray 
diffraction  results  on  these  castings  indicated 
that  selected  synthesized  electrodes  consisted  pre¬ 
dominantly  of  the  aforementioned  desired  intermetaJ- 
lic  phases.  Moreover,  a  range  of  electrode  sizes 
(0.0009  cm^  to  0.185  cm^)  and  metallographic- 
masking  techniques  were  used  to  attempt  to  isolate 
regions  consisting  of  a  single  phase  for  study.  All 
electrodes  were  wet-ground  to  a  600-grit  surface 
finish  with  silicon  carbide  (SiC)  paper. 

Auger  electron  spectroscopy  (AES)  was  con¬ 
ducted  with  a  Perkin-Elmer  560  ESCA/SAM^  system 
at  a  chamber  pressure  of  10“*°  torr.  It  was  equipped 
with  a  channel  electron  multiplier  detector.  AES 
spectra  were  taken  with  an  electron  gun  voltage  of 
3  keV  at  a  resolution  of  0.6%.  Depth  profiles  were 
generated  with  Ar-sputtering  at  a  beam  voltage  of 
3  kV,  in  the  raster  mode,  at  a  pressure  (in  the  ion 
gun)  between  10  mPa  and  20  mPa. 

OCP  exposures  followed  by  potentiodynamic  po¬ 
larization  experiments  were  performed  in  quiescent 
0. 1  M  sodium  sulfate  (Na2S04)  +  0.005  M  NaCl  (pH  6) 
at  ambient  temperature,  on  stationary  electrodes,  in 
a  three-electrode  cell  that  was  open  to  lab  air.  Details 
are  discussed  elsewhere.^"*  This  environment  was 
based  on  measurements  of  corrosive  environments 
found  in  the  lap-splice  joints  of  aircraft. In  other 
experiments,  0.01  M  sodium  chromate  (Na2Cr04)  was 
added  to  0. 1  M  Na2S04  +  0.005  M  NaCl  (final  pH  was 
8)  to  mimic  CrfVI)  leaching.  The  same  experiments 
were  repeated  in  0. 1  M  Na2S04  +  0.005  M  NaCl  + 
0.0068  M  Na2Cr04  +  0.0038  M  chromic  acid  {H2Cr04) 
(pH  6).  In  rotating  disc  electrode  (RDE)  experiments, 
cathodic  potential  scans  at  a  sweep  rate  of  1  mV/s 

^  Trade  name. 


were  performed  after  a  2-h  exposure  at  OCP  in  0. 1  M 
NajSO,  +  0.005  M  NaCl  (pH  6)  at  rotation  speeds  of 
500,  2,000,  and  4,000  rpm.  Cathodic  scans  at  these 
rotation  speeds  also  were  carried  out  in  0. 1  M 
NajSO,  +  0.005  M  NaCl  (pH  6)  after  a  2-h  pretreat¬ 
ment  at  OCP  in  0. 1  M  NajSO,  -t-  0.005  M  NaCl  + 
0.0068  M  NajCrO,  +  0.0038  M  HjCrO.  (pH  6).  These 
electrodes  were  rinsed  with  deionized,  distilled  water 
before  the  cathodic  scans.  All  electrolytes  were  air- 
sparged.  The  mass-transport-limiting  current  density 
(ii)  was  calculated  from  mass-transport-limited  re¬ 
gions  on  cathodic  E-logi  curves.  In  the  case  of  Al. 
where  clear  regions  were  not  observed,  the  hydrogen 
evoluUon  reaction  (HER)  and  OCP  portions  of  the 
curves  were  avoided  in  estimating  the  OP?R  limiting 
current  density.  Electrochemical  impedance  spec¬ 
troscopy  (EIS)  experiments  were  conducted  at  the 
OCP  on  Al2CuMg  and  Al2oCu2(MnFe)3  after  various 
exposure  times  at  OCP.  In  other  experiments. 

EIS  data  was  collected  on  Al  at  OCP  after  potentio- 
static  polarization  for  various  periods  of  time  at 
potenUals  between  -0.5  Vsce  and  1.5  VgcE-  Spectra 
were  collected  from  between  0.01  Hz  and  100  kHz  at 
10  points/decade.  Nonlinear  least  square  (NLLS)  fit¬ 
ting  was  used  to  calculate  the  Impedance  parameters 
using  the  circuit  model  in  Figure  1(a).  Original  fits  to 
EIS  data  were  performed  using  the  model  shown  in 
Figures  1(a)  and  (b)  as  well  as  others.  The  model  in 
Figure  1(a)  was  better  for  earlier  in  the  exposure  time 
before  pores  developed,  while  the  model  in  Figure 
1(b)  was  better  (more  physically  realistic)  for  latter 
times  when  pores  developed.  The  models  in  Figures 
1(a)  and  (b)  produced  the  same  values  for  the  circuit 
parameters,  which  are  consistently  used  throughout. 

RESULTS _ 

Intermetallic  Bulk  Composition 
and  Surface  Composition 

Results  presented  here  concentrate  on  S3mthe- 
sized  AI2CU,  Al2CuMg,  and  Al2oCu2(MnFe)3  intermetal- 
lics.  AI2CU  has  been  analyzed  in  more  detail 
elsewhere.®®  Compositions  of  the  castings  are  given 
in  wt%  and  atomic  fraction  in  Table  1.  The  surface 
compositions  after  wet-grinding  with  SiC  paper  to 
600  grit  (and  drying  under  a  jet  of  warm  air)  obtained 
from  AES  are  reported  in  Table  2.  Surface  composi¬ 
tions  match  the  compound  stoichiometry  used 
throughout  this  paper.  Al2oCu2(MnFe)3  was  slightly 
richer  in  Fe  after  wet-grinding.  Mn  substitution  for 
Fe  can  lead  to  grains  of  variable  Mn/Fe  ratios,  which 
was  observed. 

Anodic  and  Cathodic  Corrosion  Kinetics 
in  0.1  M  Na2S04  +  0.005  M  NaCl 

Figures  2(a)  and  (b)  illustrate  the  overall  E-logi 
behavior  of  stationary  electrodes  of  AA2024-T3,  Al, 

Cu.  AljCu,  Al2CuMg.  and  Al2oCu2(MnFe)3  in  0.1  M 
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Na2S04  +  0.005  M  NaCl  after  a  2-h  exposure  at  OCP. 
Several  features  are  notable.  These  include  the  high 
OCP  of  Cu,  AljCu,  and  AljoCujfMnFejs.  The  OCP  of 
these  electrodes  were  more  positive  than  that  of 
AA2024-T3  (indicated  with  the  horizontal  line)  and 
far  more  positive  than  AljCuMg  and  high-purity  Al. 
However,  they  were  below  potentials  for  chromate 
reduction  listed  earlier.  Previous  studies  of  Cu  and 
AljCu  in  borate-containing  buffers'*  indicate  similar 
positive  OCP  over  a  range  of  pH.  It  should  be  noted 
that  OCP  were  positive  on  Cu  and  AljCu,  starting  at 
the  time  of  exposure,  and  did  not  drift  positive  with 
time  (Figure  3).  The  OCP  of  Al^oCu^dVInFejs  drifted 
positive  with  time.  The  synthesized  AIjCuMg  phase 
had  an  OCP  after  2  h  of  near  -0.85  Vsce.  which  is 
consistent  with  the  literature.^s  Q(-;p 

Al^CuMg  started  near -1.1  Vsce.  shifted  toward 
-0-8  Vsce.  and  then  stabilized  after  =  1 ,000  s  (Figure 
3).  Moreover,  Al2CuMg  was  not  spontaneously  pas¬ 
sive  and  exhibited  dissolution  upon  anodic  polariza¬ 
tion.  Al2oCu2(MnFe)3  was  initially  passive  near  the 
OCP  of  AA2024-T3  (Figure  2[cJ),  while  A]2CuMg 
actively  corroded.  Impedance  data  at  the  OCP  on 
Al2oCu2(MnFe)3  and  Al2CuMg  (Figure  4)  showed  in¬ 
creases  in  the  values  of  constant  phase  elements 
(CPE)  C,  and  Cj  and  decreases  in  the  CPE  exponent, 
n,®  with  exposure  time.  These  suggest  that  the  sur¬ 
faces  became  porous  and  that  the  porous  surface 
areas  of  both  intermetalllcs  increased  with  time  of 
immersion  at  OCP  between  0  and  10  h.  These  results 
were  consistent  with  polarization  data  presented  for 
AljCuMg  phase  in  Figure  2(b).  For  Al2oCu2(MnFe)3, 
however,  the  increase  in  values  of  C,  and  Cj  with  time 
OCP  might  suggest  either  that  the  passivity  of 
Al2oCu2(MnFe)3  was  not  stable  over  long  periods  of 
time  or  that  the  limited  potential  range  of  the  passive 
region  made  it  prone  to  localized  dissolution  at  OCP 
when  small  shifts  in  potential  occur  during  long 
immersion  times.  The  values  of  impedance  modulus 
( I Z I )  fell  with  time  between  0  h  and  10  h  for  both 

intermetallic  compounds.  IZI  for  Al2oCu2(MnFe)3 
was  higher  than  for  Al2CuMg,  suggesting  that 
Al2oCu2(MnFe)3  was  less  prone  to  active  dissolution  at 
OCP  than  AljCuMg.  AljCu  had  an  OCP  near  its  Ep„ 
but  was  passive.  This  was  confirmed  in  Identical 
tests  performed  in  0. 1  M  Na2S04. 

Net  cathodic  kinetics  were  enhanced  on  all  Cu- 
contalning  materials  as  well  as  AA2024-T3  (Figure 
2[aJ)  compared  with  Al.«)  A  peak  in  cathodic  current 
density  on  Cu  was  caused  by  the  cathodic  reduction 
of  the  copper  oxide  (CuO).  Otherwise,  the  principal 
cathodic  reactions  were  the  ORR  and  HER  at  more 
negative  potentials.  It  is  elear  that  the  exchange  cur- 


See  Appendix. 

™  Wnetics  are  given  by  1„«  =  W  -  l„  in  cases  where 

cath^lc  corrosion  produces  l.„. is  the  current  density  that 
may  be  supplied  during  galvanic  coupling.  Hereafter,  this  is  called 
the  net  cathodic  reaction  rate  normalized  by  original  geometric 
electrode  area.  ^  a  o 


TABLE  1 

Weight  and  Atomic  Percentages 
of  the  Intermetallics  Castings 


Phases 

Al 

Mg  Zn  Cu  Mn 

Fe 

Elemental  Composition  (wt%) 

A2oCu2(MnFe)3 

54.01 

—  —  12.72  16.50 

16.77 

Al2CuMg 

38.05 

17.14  —  44.81  — 

AI2CU 

45.96 

—  —  54.04 

Atomic  Composition  (%) 

— 

A2oCu2(MnFe)3 

71.43 

““  “  7.14  10.71 

10.71 

Al2CuMg 

49.28 

26.06  —  24.66  — 

AI2CU 

66.69 

—  —  33.31  — 

— 

TABLE  2 

AES  Analyses  of  the  Surface  Compositions 
of  the  Intermetallic  Compounds 
_ (AlsCuMg  and  Al^oCuJMnFeJs)  Tested 

Sputter  Time  Atomic  Composition  of  AI;CuMg  (at%) 

Cu  Mg  O 

150  34.13  17.65  15.45  32.76 

Sputter  Time  Atomic  Composition  of  AlaiCu2(MnFe)3  (at%) 
_ Al  Cu  Mn  Fe  O 

_ 54.26  6.18  8.66  14.87  16.03 


rent  density  for  the  HER  was  much  lower  on  Al  than 
the  Cu-containing  materials.  In  fact,  the  exchange 
current  density  for  the  HER  is  so  low*®  on  Al  that 
mass-transport-limited  ORR  dominates  the  high- 
purity  Al  electrode  at  potentials  as  low  as  -1.5  Vsce- 
The  mass-transport-limited  ORR  (dominant  from 
-0.5  V  to  -1.0  V  on  AljCu  and  Al2oCu2(MnFel3)  was 
clearly  faster  on  the  Cu-bearing  materials  compared 
to  pure  Al.  as  noted  by  Pryor  and  Keir.®  Note  that  net 
cathodic  kinetics  were  particularly  enhanced  on 
Al2CuMg  compared  to  the  other  materials,  even  high- 
purity  Cu.  The  origins  of  this  behavior  are  discussed 
below.  Mass-transport-limited  O2  reduction  is  one  of 
the  cathodic  reactions  of  greatest  interest  when 
studying  open-circuit  corrosion  of  AA2024-T3  either 
with  or  without  the  chromate  inhibitor.  At  issue  is 
the  effect  of  soluble  chromate  on  this  reaction. 

Figure  5(a)  shows  the  net  cathodic  E-logi  behav¬ 
ior  of  pure  Cu,  Al,  and  Al2oCu2(MnFe)3  in  0. 1  M 
Na2S04  +  0.005  M  NaCl  at  an  electrode  rotation 
speed  of  500  rpm  (0“®  =  7.24  [rad/s]9®).  Oxygen  re¬ 
duction  i|  data  from  rotating  disk  electrodes  in  0  1  M 
Na2S04  +  0.005  M  NaCl  are  shown  for  pure  Cu,  ' 
Al2oCu2(MnFe)3,  and  pure  Al  in  scans  conducted  after 
a  2-h  exposure  at  OCP  (Figure  5b).  The  i,  data  for  the 
Cu  and  Al2oCu2(MnFe)3  almost  match  those  results 
predicted  from  the  Levich  equation  with  respect  to 
angular  velocity  (rotation  rate).**®  The  i,  on  Al  was 
much  lower  than  predicted  from  mass  transport  of  O2 
in  solution.  The  kinetics  were  almost  independent  of 
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FIGURE  2(a).  The  cathodic  E-logi  behavior  of  stationary  electrodes 
of  AA2024‘T3,  Al,  Cu,  O-AIzCu,  S-AI^CuMg,  and  Af2oCu2(MnFeh  in 
0. 1  M  Na2S04  +  0.005  M  Nad  under  ambient  aeration.  (Ohmically 
corrected). 


FIGURE  2(c).  The  anodic  E4ogi  behavior  of  Al2oCu2(MnFe)3  near 
the  OCP  in  0.1  M  NazSO^  +  0.005  M  Nad  under  ambient  aeration. 


angular  velocity  and  did  not  obey  the  Levich  equa¬ 
tion,  which  is  theoretically  independent  of  electrode 
material.  This  implies  an  additional  rate  limitation 
for  Al,  or  a  high  rate  of  corrosion  on  Al  at  cathodic 
potentials.  However,  Figures  6(a)  and  (b)  show  that 
the  kinetics  of  ORR  decreased  on  Al  with  increasing 
oxide  thickness,  suggesting  control  by  electron 
transfer  through  the  oxide  (Discussion).  A  critical 
unresolved  issue  is  whether  chromate  could  reduce 
the  cathodic  ORR  kinetics  on  the  intermetallics  or 

Rtting  potenUal  was  the  potential  at  which  a  current  density  of 
3.0  X  10-5  A/cm^  was  attained  by  the  sample.  For  further  details, 
see  an  earlier  work.^^ 


FIGURE  2(b).  The  anodic  E-logi  behavior  of  stationary  electrodes 
of  AA2024-T3,  Al,  Cu,  e-Al2Cu,  S-Al2CuMg,  and  Al2oCu2(MnFe)3  in 
0.1  M  A/a^SO^  +  0.005  M  Nad  under  ambient  aeration. 


on  replated  Cu,  represented  in  this  study  by  the 
Cu  electrode. 

Cathodic  Kinetics  in  Chromate-Free  Solutions 
as  a  Function  of  the  Extent  of  Prior  Corrosion 

Cathodic  kinetics  experiments  in  chromate-free 
solutions  were  performed  on  stationary  AA2024-T3 
electrodes  as  a  function  of  extent  of  prior  corrosion 
damage.  Extent  of  prior  corrosion  damage  was 
controlled  by  either  varying  time  at  OCP  or  applying 
indicated  levels  of  anodic  charge  immediately  prior 
to  cathodic  scans.  Figure  7(a)  shows  representative 
E-logi  behavior  of  AA2024-T3  in  0. 1  M  Na2S04  and 
0. 1  M  NajSO,  +  0.005  M  NaCl  after  a  2-h  hold  at 
OCP.  The  OCP  in  0.1  M  Na2S04  +  0.005  M  NaCl  was 
close  to  the  pitting  potential  (Figure  rfbj).'"'  AA2024- 
T3  was  not  expected  to  pit  in  0.1  M  Na2S04  because 
of  the  absence  of  chloride  ions  in  solution. 

Greater  net  cathodic  kinetics  after  2  h  at  OCP 
shown  in  0. 1  M  Na2S04  +  0.005  M  NaCl  were  consis¬ 
tent  with  open-circuit  corrosion  occurring  on 
AA2024-T3  in  this  electrolyte  (Figure  71aJ).  The  1, 
(taken  at  —0.75  Vsce)  for  ORR  in  0. 1  M  Na2S04  was 
2.96  X  10-«  ±  1.706  X  10-«  A/cm^  while  in  0. 1  M 
Na2S04  +  0.005  M  NaCl  it  was  7.594  x  lO"*  ±  0.906  x 
10-«  A/cm^*  (error  values  are  reported  at  a  95%  confi¬ 
dence  level).  This  shows  a  slight  staUstically  signifi- 
cant  decrease  in  ij  for  ORR  in  noncorrosive  sulfate 
solution  compared  with  the  sulfate  +  NaCl  solution 
(Figure  7[aJ).  Net  cathodic  reaction  kinetics  observed 
on  polarization,  after  application  of  an  anodic  charge 
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to  cause  pitting  on  AA2024-T3.  increased  as  the 
anodic  charge  applied  increased  (Figure  SlaJ).'®'  The 
OCP  measured  after  the  application  of  these  anodic 
charges  also  became  more  negative  as  applied  charge 
increased  (Figure  8[bJ). 

The  net  cathodic  kinetics  of  Al^CuMg  also  in¬ 
creased  as  the  extent  of  corrosion  that  had  occurred 
increased.  This  is  evident  in  Figure  9(a),  which  com¬ 
pares  the  net  cathodic  E-logi  behavior  of  AlzCuMg 
after  60  s  at  OCP  with  the  behavior  after  60  min  at 
-0.6  VscE  (near  the  OCP  of  AA2024-T3)  in  0. 1  M 
Na^SO^  +  0.005  M  NaCl.  At  -0.6  Vsce.  AI^CuMg  was 
experiencing  severe  dissolution  and  likely  dealloying 
(Figure  2).  Figure  9(a)  shows  that  the  kinetics  of  the 
ORR  and  HER  increased  on  AljCuMg  with  the  amount 
of  anodic  charge  passed.  Raw  impedance  data  and 
circuit  model  parameters  show  the  values  of  C|  on 
AljCuMg  after  60  s  at  OCP  and  at  -0.6  Vsce  for 
60  min  to  be  15.86  fi-'  s"/cm-2  and  59.06  £i-'  s”/cm-^, 
respectively  (normalized  for  area,  with  n  =  0.92  and 
0.79,  respectively).®  The  Increase  in  the  value  of 
C,  most  likely  indicates  an  increase  of  surface  area 
between  the  two  cases.  The  impedance  of  AlaCuMg 
after  60  s  at  OCP  was  higher  than  after  60  min  at 
-0.6  Vsce  ( IZ I  at  10  Hz  =  59.06  il-cm^  after  60  s  at 
OCP  vs  15.86  fi-cm^  after  60  min  at  -0.6  Vsce 
respectively).  Together,  these  changes  support  the 
notion  that  net  cathodic  kinetics  (ORR  and  HER) 
normalized  by  original  surface  area  are  enhanced 
on  AljCuMg  with  the  amount  of  anodic  charge 
passed.  Figure  9(b)  shows  porous  electrode  formation 
on  AljCuMg  in  0. 1  M  NajSO^  +  0.005  M  NaCl.  The 
key  result  here  is  that  prior  corrosion  alters  net 
cathodic  ORR  and  HER  reduction  kinetics  by  in¬ 
creasing  electrode  area  (through  roughening),  form- 
ing  pits  that  alter  surface  pH,  and  increasing  the 
extent  to  which  the  surface  is  enriched  in  replated 
Cu  during  corrosion/^ 


Cathodic  Kinetics  After  Exposure  in  Chromate- 
Containing  Soiutions  When  Chromate  Inhibitor 
Suppresses  Corrosion  at  OCP 

The  goal  of  this  study  was  to  assess  whether  or 
not  ehromate  directly  suppresses  cathodic  kinetics 
on  intermetalllcs  versus  indirectly  through  anodic 
inhibition.  However,  prior  open-circuit  corrosion 
affects  net  cathodie  kinetics  as  clearly  shown  above. 
Attempts  to  study  cathodic  reaction  kinetics  in  chro¬ 
mate-containing  solutions  that  contain  chloride  are 
complicated  by  any  effect  that  chromate  might  have 
onthe  suppression  of  open-circuit  corrosion.  This  is 


It  Is  recognized  that  net  cathodic  kinetics  at  -0.75  Vsce  after 
of  r  represent  a  mixture  of  ORR  and  HER  as  a  result 

of  the  acidic  pH  shift.  However,  experiments  in  sulfate  are 

mass-transport-llmited  ORR  at  -0.75  V^.  Other 
complexities  related  to  the  effect  of  sulfate  (e.g..  Cu-sulfate 

'«  TlTa  explored  in  the  present  work, 

n  is  a  ft^equency-lndependent  parameter,  as  defined  in  the 
Appendix. 
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First  2  h  of  OCP  of  A!  (99.998%).  Cu  (99.999%).  AA2024- 

T3.  AI^Cu.  Al2oCu2(MnFe)3.  and  AI^CuMg  stationary  electrodes  in 
0.1  M  Na^SOt  +  0.005  M  NaCl  (pH  6). 


illustrated  by  anodic  polarization  of  Al^CuMg  with 
and  without  chromate  (Figure  lO(al).  Chromate  pas¬ 
sivated  the  AljCuMg  phase.  Further  evidence  is  pro¬ 
vided  by  the  EIS  data  showing  IZI  at  10  Hz  vs  time 
(Figure  lO(bl).  IZI  was  much  higher  over  time  when 
chromate  was  present  in  solution.  In  the  absence  of 
chromate,  however,  IZI  was  much  lower  and  the 
shape  of  the  resulting  EIS  spectra  can  be  modeled 
according  to  porous  electrode  theory. c,  and  C2 
values  were  consistently  lower  when  chromate  was 
present  in  solution  and  n  was  higher,  indicating  an 
oxide.  This  suggests  that  the  increase  in  surface  area 
at  OCP  (which  is  probably  caused  by  the  develop¬ 
ment  of  porosity  on  the  electrode  surface)  is  not  as 
severe  in  the  presence  of  chromate  (Figure  10[cJ). 
Chromate  is  shown  to  significantly  lower  the  corro¬ 
sion  rate  of  the  AljCuMg  phase  and,  therefore,  dimin¬ 
ish  the  possibility  of  forming  a  porous  electrode 
surface,  which  has  been  clearly  shown  to  enhance 
net  cathodic  reaction  rates  (Figures  7  through  9). 
Impedance  measurements  from  AljoCu^dVInFels  also 
show  improvements  in  passivity  caused  by  chromate 
(Figure  1 1). 

Suppression  of  OCP  corrosion  also  is  shown  for 
AA2024-T3,  which  forms  pits  near  its  OCP  without 
chromate  (Figure  7[b]),  but  does  not  undergo  stable 
pitting  at  OCP  in  chromate-bearing  solutions  as  a 
result  of  the  elevation  of  Ep,,  above  OCP  (Figure  12). 

In  each  case,  OCP  corrosion  was  suppressed  by 
soluble  chromate  additions  and  net  cathodic  kinetics 
were  altered. 

Cathodic  Kinetics  After 
Exposure  to  Chromate  Inhibitor 

An  accurate  assessment  of  the  role  of  chromate 
on  net  cathodic  kinetics  requires  that  prior  OCP  cor- 
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r  -  n  evtn^ao^f  frequency,  (b)  impedance  modulus  IZj  vs  frequency  and  (c)  CPE  (Q-'  sr/crTf)  vs  time  (n  for 
r  u.bZ  to  0.92,  for  C2  -  0.64  to  0.81).  Also,  shown  as  an  AI^CuMg  stationary  electrode  0. 1  M  Na^SO,  +  0.005  M Nad  (oH 
)  after  various  exposure  times  at  OCP:  (d)  phase  angle  vs  frequency,  (e)  IZj  vs  frequency,  and  (f)  CPE  (Q-^  sVcrr^)  vs  time 
{n  tor  C;  -  0. 70  to  0. 98;  for  C2  -  0. 84  to  0. 98). 
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CO®  5  (raci/s)®  s 

FIGURE  5(b).  Oxygen  reduction  limiting  current  density  (ij  data  from 
rotating  disk  eiectrodes  lor  pure  Cu,  AlioCu^fMnFe),,  and  pure  At  in 

0. 1  MNaiSOt  +  0.005  MNaCI  at  ambient  aeration.  Levich  prediction 

at  concentration  of  6  ppm  (1.88  x  10-'  M)  dissolved  O,. 


rosion  damage  be  minimized  so  that  surface  area  and 
composition  changes  are  minimized.  A  second  com¬ 
plication  in  discovering  the  effects  of  chromate  on 
ORR  is  that  chromate-containing  solutions  provide  a 
second  cathodic  reactant  (Cr«T  that  will  be  reduced, 
in  addition  to  oxygen,  over  the  potential  range  of  in¬ 
terest  for  mass-transport-controlled  O2  reduction. 

The  third  complication  is  the  thickening  of  the  oxide 
film  on  the  metal  or  intermetallic  by  the  chromate 
oxidizer.  To  sort  out  these  effects,  materials  that  do 
not  corrode  or  otherwise  pit  as  readily  at  OCP  and  do 
not  grow  thicker  passive  films  are  required.  Tests 
also  must  be  conducted  after  chromate  pretreatment 
to  minimize  Cr®*  reduction. 

In  rotating  disc  electrode  experiments,  Cu  and 
Al2oCu2(MnFe)3  were  tested  in  both  chromate-bearing 
solutions  and  after  2  h  exposure  in  chromate-bearing 
solutions  (immediate  transfer  to  0. 1  M  Na2S04  + 
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-0.60 


i  (A/cm^) 

FIGURE  6(a).  Polarization  curves  of  pure  A!  after  holding 
potentiostatically  at  -0.5,  0.5,  and  1.5  Vscb  in  0.1  M  NaSO^  (pH  6) 
to  grow  barrier  oxide  fiim. 


^  (Vsce) 

FIGURE  6(b).  Calculated  film  thickness  (from  impedance 
measurements  assuming  a  dielectric  constant  of  10  and  a  parallel 
plate  capacitator  model)  as  a  function  of  appiied  potential  of  pure  Al 
after  potentiostatic  holds  at  -1.0,  -0.5,  0.5,  and  1.5  Vsce.  and  for 
pure  Al  exposed  to  0.1  M  Na!S04  (pH  6). 


0.005  M  NaCl  after  rinsing  in  deionized,  distilled 
water).  Cathodic  ORR  kinetics  (Figures  13[a|  and  [b]) 
after  chromate  pretreatment  were  altered  on  Cu. 
which  registered  a  reduction  in  cathodic  kinetics. 
They  were  not  reduced  on  Al2oCu2(MnFe)3.  ORR 
kinetics  also  were  reduced  on  Cu  and  Al2oCu2(MnFe)3 
in  RDE  measurements  made  in  chromate-containing 
solutions  after  2  h  of  pretreatment  at  OCP  in  these 
solutions  (Figures  14[aJ  and  (b]).  The  results  are 
striking  in  that  net  charge-transfer-controlled  ORR 
rates  were  reduced  but  mass  transport  ORR  rates 
were  not  reduced  to  the  low  ORR  rates  seen  on  Al. 


141 


CORROSION  SCIENCE  SECTION 


FIGURE  7(a).  Representative  E-iogi  behavior  of  AA2024-T3  on 
stationary  electrodes  in  0.1  M  NasSO^  and  0. 1  M  NasSO^  +  0.005  M 
NaCi  after  a  2-h  exposure  at  OCR 


^  (^sce) 

FIGURE  7(b).  Cumulative  probability  plot  of  the  OCR  and  Ep,,  of 
AA2024-T3  in  0.1  M  A/a^SO^  +  0.005  M  NaCI  after  a  2-h  exposure  at 
OCR. 


Reductions  in  ORR  were  thought  to  originate  from 
the  ability  of  chromate  to  alter  the  surface  of  the 
electrodes  (compared  to  when  chromate  was  absent 
[Figure  5]).  This  is  thought  to  have  occurred  either 
by  preventing  corrosion  at  OCP,  by  changing  the 
oxide  composition  by  Cr{VI)  reduction,  or  by  thicken¬ 
ing  the  oxide  film  on  the  metal  to  such  an  extent 
that  the  kinetics  no  longer  strictly  obeyed  the 
Levich  equation. 

However,  an  additional  mechanism  is  that  CrO|- 
and  SOI”  anions  block  surface  sites  associated  with 
O2  adsorption.*^  To  investigate  this  theory,  a  metal 
that  neither  would  corrode  at  OOP  nor  had  an  oxide 
film  that  could  be  thickened  by  the  oxidizing  effect  of 
chromate  had  to  be  examined.  Pure  gold  (Au) 

Albeit  at  potentials  where  Cr'^  could  be  reduced  to  CrzOj  after 

adsorption. 


(99.9985%)  was  chosen.  Figure  15  shows  that  pre¬ 
treatment  in  solutions  containing  chromate  does  not 
alter  the  mass-transport-limited  ORR  cathodic  kinet¬ 
ics  on  Au.  However,  charge-transfer-controlled  ORR 
kinetics  were  reduced.  Further,  mass -transport- 
controlled  cathodic  kinetics  in  the  presence  of  chro¬ 
mate  were  enhanced  compared  with  when  chromate 
was  absent.  This  was  caused  by  a  combination  of  the 
ORR  and  the  chromate  reduction  reaction  (from 
to  Cr^^)  when  chromate  was  in  solution.  The  total 
mass-transport-limiting  current  density  on  Au  in  the 
presence  of  chromate  in  Figure  15  can  be  repre¬ 
sented  as  follows:  iitotai  “  iioj  fucrvitocriii)'  the 
limiting  current  density  for  the  ORR,  while  ii(crvi  to  cmi) 
represents  that  for  the  reduction  of  Cr®^  to  Cr®^ 
Additional  tests  were  carried  out  in  the  halide- 
free  sulfate  solutions  on  stationary  electrodes  of 
AA2024-T3.  Al2oCu2(MnFe)3,  and  AI2CU  with  and 
without  a  2-h  chromate  pretreatment  to  eliminate 
the  effects  of  corrosion  on  net  ORR  kinetics.  No 
alterations  of  net  cathodic  kinetics  were  seen  after 
pretreatment  in  chromate  when  compared  to  noncor¬ 
rosive  0.1  M  Na2S04  (Figure  16).  Cr  peaks  were  de¬ 
tected  in  x-ray  photoelectron  spectroscopy  (XPS) 
measurements  on  AA2024-T3  after  such  exposures 
in  other  studies.^^  This  is  similar  to  the  behavior  of 
AA2024-T3  (Figure  7Ia]),  where  removal  of  Cl”  re¬ 
duced  net  cathodic  kinetics.  Enhanced  ORR  and 
HER  kinetics  were  observed  on  AA2024-T3  in  0. 1  M 
Na2S04  +  0.005  M  NaCl.  but  Figures  2[b)  and  7[bl 
indicate  that  pitting  is  possible  at  OCP.  Chromate 
present  at  0.01  M  concentrations  did  reduce  net 
cathodic  ORR  reaction  rates.  However,  part  of  the 
reduction  seen  in  NaCl-bearing  solutions  can.  in 
part,  be  attributed  to  minimization  of  OCP  corrosion 
such  as  pitting. 

One  key  finding  of  this  section  is  that  mass- 
transport-limited  ORR  kinetics  on  Cu-bearing  materi¬ 
als  were  not  reduced  to  levels  of  pure  A1  by  chromate 
pretreatment.  Limited  changes  in  mass -transport- 
controlled  OP^  kinetics  can  be  seen  when  corrosion 
damage  is  minimized  prior  to  cathodic  polarization, 
and  oxide  film  thickening  (or  other  alterations) 
resulting  from  the  oxidizing  effect  of  chromate  are 
accounted  for  (as  seen  on  Au).  However,  charge- 
transfer-controDed  ORR  kinetics  are  reduced  even 
on  noncorroding  electrodes  such  as  Au. 

DISCUSSION 


Enhancement  in  Cathodic  Kinetics 
on  AhCu-X  Intermetaliics 

A  reduction  tn  the  rate  of  cathodic  kinetics  will 
undoubtedly  result  in  a  reduced  rate  of  corrosion  on 
the  metal,  as  expressed  by  the  following  equation: 

^corr  ~  ^an'^aii(^corr)  “  ^ca-^ca  (^corr)  (6) 
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where  is  the  corrosion  current,  i^n  and  are  the 
net  anodic  and  cathodic  current  densities,  respec¬ 
tively,  at  (corrosion  potential),  and  and 
are  the  anodic  and  cathodic  reaction  areas  at 
respectively. 

Recall  that  ORR  is  an  important  cathodic  reac¬ 
tion  near  the  OCP  of  AA2024-T3  (-0.5  Vsce  to 
-0.6  Vsce)  in  near-neutral  aerated  solutions.  Pryor 
and  Keir  attributed  the  lower  reduction  reaction 
rate  on  commercial-purity  A1  to  an  additional  pos¬ 
sible  rate  limiting  or  slow  step,  besides  solution 
phase  O2  transport,  consisting  of  electron  transfer 
through  the  Insulating  Al-oxide  formed  on  A1  elec- 
trodes.<«  Evidence  supporting  control  of  ORR  by 
oxide  properties  is  the  fact  that  net  cathodic  reaction 
rates  for  A1  are  a  function  of  prior  anodic  polarization 
potential  (below  the  pitting  potential)  and,  therefore, 
Al203-nH20  oxide  thickness  (Figure  6).  The  electrical 
current  density  describing  the  flow  of  electrons 
through  the  oxide  to  support  ORR  at  the  oxide/ 
solution  interface  will  clearly  be  a  function  of  the 
voltage  field  strength  across  the  oxide  and  its  con¬ 
ductivity,  but  the  exact  relationship  is  unknown.  An 
alternative  explanation  is  that  i,„..,  =  i„^,,  _  where 
Ian  represents  the  dissolution  rate  of  A1  under  ca¬ 
thodic  polarization.  However,  a  correction  of  i„Ne„  by  a 
passive  current  density  ranging  from  10-®  A/cm^  to 
10-®  A/cvn?  would  not  account  for  i„„„  values  as  high 
as  10-"  A/cm^  seen  on  Cu  (Figure  2).  Moreover,  oxide 
thickness  is  shown  to  reduce  net  cathodic  reaction 
rates  on  A1  (Figure  6),  suggesting  that  electron  trans- 
fer  limits  the  mass -transport-limiting  current  density 
on  A1  rather  than  cathodic  corrosion. 

If  the  cathodic  O2  reduction  reaction  is  consid¬ 
ered  to  be  under  mixed  charge  transfer-mass  trans¬ 
fer  control,  the  following  expression  is  obtained  on  a 
homogeneous  electrode  with  a  term  included  to 
describe  the  additional  rate  limitation  by  electron 
transfer  through  the  oxide: 


Here,  1,,,  is  the  overall  O2  reduction  current  density, 
ict  describes  O2  reduction  under  charge  transfer 
control,  i|  describes  the  mass-transport-limiting 
current  density,  and  i,,  represents  the  electrical  cur¬ 
rent  density  describing  the  flow  of  electrons  through 
the  oxide  to  support  ORR  at  the  oxide/soluUon  inter¬ 
face.  Clearly,  i,,  rate  will  be  described  by  the  lowest 
of  the  three  current  densities  given  in  Equation  (7). 

In  the  case  of  one-dimensional  trcuisport  of  O2  to 
a  homogeneous  planar  electrode,  i,  is  given  by  this 
expression: 


The  present  discussion  considers  only  a  homogeneous 
^d  does  not  yet  consider  micron-scale  disc  electrodes 
in  an  insulating  plate. 


electrode 

embedded 
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FIGURE  8(a).  Apparent  cathodic  reaction  rate  on  an  AA2024-T3 
stationary  electrode  (at  -0.75  Vsce)  as  a  function  of  prior  anodic 
charge  density,  t  indicates  time  for  which  i  of 200 pA/crrf  was  applied. 
There  was  no  prior  exposure  at  OCP.  Electrolyte:  0. 1  M  Na^SO,  + 
0.005  M  Nad  and  0.1  MNa^O,.  Error  bars  are  at  a  95%  confidence 

level,  abs  (vertical  axis)  =  absolute. 


FIGURE  8(b).  OCP  on  an  AA2024-T3  stationary  electrode  as  a 
function  of  prior  anodic  charge  density.  Electrolyte:  0. 1 M  Na^SO,  + 
0.005  M  NaCI  and  0.1  M  NaiSOt.  t  Indicates  time  for  which  I  of 
200  pA/crrf  was  applied.  There  was  no  prior  exposure  at  OCP 


i°2  = 

'  ■  S02  <8) 

where  F  is  the  Faraday  constant.  Do^  is  the  diffusion 
coefficient  of  O2,  C02  is  the  bulk  solution  concentra¬ 
tion  of  O2,  and  802  is  the  thickness  of  the  diffusion 
boundary  layer  at  the  electrode  surface.  The  failure 
of  oxide-covered  A1  to  follow  Equation  (8)  indicates 
that  the  rate-controlling  step  for  O2  reduction  on  A1  is 
not  the  aqueous  phase  transport  of  O2  across  a  con¬ 
centration  gradient  in  solution.  Instead,  something 
else  controls  reducUon  such  as  the  supply  of  elec¬ 
trons  through  the  insulating  oxide  to  support  ca- 
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FIGURE  9(a).  E-logi  behavior  of  an  Al2CuMg  stationary  electrode  in 
0.1  M  A/a^SO^  +  0.005  M  NaCI  (pH  6)  after  60  s  at  OCP  compared 
with  after  60  min  at  -0.6  Vsce^  At  -0.6  Vscb,  AfsCuMg  corrodes 
extensively  (Figure  2). 


FIGURE  9(b).  Porous  electrode  formation  on  AIzCuMg  in  0.1  M 
Na^SO^  +  0.005  M  NaCI. 


thodic  electronic  transfer  reactions.  In  RDE  experi¬ 
ments,  the  Levich  equation  is  given  by  the  following 
equation: 

h  =  iiAoRR  =  0.62  InAoRRFCo^DSf  (9) 

where  1,  Is  the  limiting  current  density,  Aqrr  is  the 
electrode  area  that  can  support  ORR,  v  is  the  kine¬ 
matic  viscosity,  and  co  is  the  angular  velocity  of  the 
electrode  area.  In  the  ideal  case  of  metallic  conduc¬ 
tors.  the  ORR  i|  depends  on  Aqrr,  bulk  oxygen 
concentration  (CbuuJ.  Dqj.  and  the  square  root  of 
the  angular  velocity  (co®  ®)  of  the  rotating  disk.  An 
overall  expression  for  the  net  cathodic  current 
density  i„  (described  by  Equation  (7J)  with  parallel 
hydrogen  evolution  can  be  given  by  Equation  (10), 
neglecting  i.,: 


Alkaline  production  would  contribute  to  oxide  thinning,  which  is 
an  alternative  mechanism. 

Even  if  conductivity  Is  due  to  electron  tunneling. 


/  OH  exp 

2.3(e,„,-Ec<,02/0H-)' 

i]  +  io02  /  OH~  exp 

[-2 

-Li  _ 

-2.3(E,„.-Ecq02/0H-)’ 

K 

•3(e,„-Ec<,H20/H2)] 

0  2  /  *-*2 

t»c 

where  io  is  the  exchange  current  density,  E,„,  and  E,^ 
are  the  interfacial  and  equilibrium  potentials,  respec¬ 
tively,  bp  is  the  Tafel  slope,  and  i,  and  i^a  have  been 
previously  defined.  This  represents  the  total  cathodic 
current  density  for  ORR  and  HER  on  homogeneous 
solid  metallic  phases  that  are  electronic  conductors 
with  fast  electronic  conduction  (e.g.,  bare  metals). 
This  equation  provides  a  good  description  for  the 
behavior  of  Cu  (Figure  5[al)  and  Au. 

Clearly.  4,  is  negligible  for  Cu-bearing  intermetal- 
lics,  presumably  because  the  oxide  is  either  very 
thin'®’  or  very  ionically  or  electronically  conductive. 
Consequently,  ie,  is  determined  by  the  Levich  equa¬ 
tion  in  the  mass-transport-limiting  region.  Scully,  et 
al.,  attributed  the  enhancement  of  cathodic  reactions 
on  AljCu  to  the  presence  of  Cu  clusters  in  the  insu¬ 
lating  Al  oxide  of  e-AljCu.®®  These  clusters  were  em¬ 
bedded  in  the  Al  oxide  over  intermetallics  and  could 
enhance  cathodic  electron  transfer  reactions. 
Streblow,  ScuUy,  Buchheit,  and  coworkers  have  all 
detected  Cu  clusters  in  a  hydrated  Al  oxide  and  cor¬ 
rosion  products  formed  over  Al-Cu  alloys,  AljCu  and 
AlzCuMg.^  ®®  ''^  '^  The  Cu  clusters  apparently  alter  the 
conductivity  of  the  oxide  film  over  the  intermetallic 
phase.  If  present  in  sufficient  quantity  to  provide  an 
effective  short  circuit  path"®’  through  insulating  Al- 
oxide,  then  electron  transfer  is  not  a  rate  limitation. 
These  Cu  clusters  apparently  provide  sufficient  elec¬ 
tronic  conductivity  to  remove  4,  in  Equation  (7)  as  a 
rate  limitation  in  these  intermetallics.  Note  that  the 
likely  additional  effect  of  Cu  on  the  exchange  current 
density  or  Tafel  slope  for  ORR  shown  above  will  not 
have  an  effect  on  i,. 

It  is  interesting  to  note  that  an  abrupt  transition 
is  observed  from  the  poor  cathodic  behavior  of  high- 
purity  Al  to  fast  kinetics  on  Al-Cu  and  Al-Cu-Mn-Fe 
intermetallics  (Figure  2Ia)).  even  though  they  may  be 
covered  with  an  Al-rlch  oxide.®®  However,  this  oxide 
likely  contains  Cu  clusters  or  other  defects.®’  ®®  Con¬ 
ductivity  has  been  modeled  in  granular  materials 
consisting  of  an  insulator-conductor  composite  such 
as  W-AI2O3  and  Pt-AljOa."®'®’  In  these  models,  a  criti¬ 
cal  volume  fraction  of  the  conducting  phase  Xc  pro¬ 
vides  the  short  circuit  path  for  easy  electrical 
conduction.  At  x  >  x^,  conduction  was  attributed  to 
simple  metallic  transport  in  the  network  of  the  metal¬ 
lic  phase.  At  X  <  Xc,  electrical  conductance  was  attrib¬ 
uted  to  quantum  mechanic  tunneling.  For  AljCu  or 


144 


CORROSION-FEBRUARY  2001 


FIGURE  1 0(a).  E-logi  behavior  of  an  AI^CuMg  stationary  electrode 
in  0.1  M  NsiSOt  +  0.005  M  Nad  (pH  6)  and  0. 1  M  Na^SOt  + 
0.005  M  Nad  +  0.0062  M  Na^CrO.,  +  0.0038  M  HzCrOt  (pH  6). 


FIGURE  10(b).  Impedance  modulus,  /2/,  at  10  Hz  as  a  function  of 
time  on  an  AI^CuMg  stationary  electrode  in  0.1  M  NasSO,  +  0.005  M 
Nad  (pH  6)  compared  to  0.1  M  Na!SO,  +  0. 005  M  Nad +  0  0062  M 
NaiCrO,  +  0.0038  M  H^CrO^  (pH  6). 


AljCuMg  examined  here,  x  Is  unknown.  However, 

Xc  values  of  0.47  to  0. 54  have  been  observed  for 
W-AljOa."®'®’  Above  this  value,  an  increase  of  8  orders 
of  magnitude  in  oxide-metal  composite  conductivity 
was  seen.  The  effect  would  be  that  1.,  would  no  longer 
limit  ORR  rates  and  mass  transport  of  O2  in  solution 
would  be  the  sole  rate-determining  factor  for  1,.  In¬ 
deed.  intermetallics  such  as  Al2oCu2(MnFe)3  behave 
almost  the  same  as  Cu  and  Au. 

Apparent  vs  Intrinsic  Inhibition 
of  O2  Reduction  by  Chromate 

At  issue  is  whether  or  not  chromate  intrinsically 
or  apparently  inhibits  the  reduction  of  Oj.  Intrinsic 
inhibition  occurs  at  constant  pH,  electrode  area, 
electrode  composition,  etc.  Apparent  inhibition  repre¬ 
sents  reduced  net  kinetics  caused  by  changes  in 
these  factors.  It  has  been  shown  that  either  pitting  or 
general  corrosion  of  AA2024-T3  and  some  intermetal¬ 
lics  occurs  near  OCP  in  the  presence  of  Cl"  (Figure  7). 
The  presence  of  chromate  in  solution  serves  to  in¬ 
hibit  these  anodic  reactions  at  OCP  and/or  to  raise 
the  pitting  potential  above  the  OCP  (Figures  10,  11, 
and  16).  A  reduction  in  net  cathodic  kinetics  (ij  is, 
subsequently,  observed  in  corrosive  chloride-contain¬ 
ing  solutions  where  chromate  inhibits  OCP  corrosion 
and  AljCuMg  phase  dealloying.  Also,  as  the  degree  of 
corrosion  damage  accelerated  by  anodic  polarization 
Increases  in  AA2024-T3,  the  OCP  falls  and  the  net 
cathodic  current  density  increases  (Figure  8).  The 
observed  cathodic  kinetics  of  Al2CuMg  also  has  been 
shown  to  be  enhanced  after  extensive  corrosion 
damage  has  occurred,  leading  to  formation  of  a 
porous,  hlgh-surface-area  electrode  (Figure  9).  These 
substantiate  the  concept  that  prior  OCP  corrosion 
alters  subsequent  net  cathodic  kinetics  in  NaCl- 
bearing  solution. 
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RGURE  10(c).  CPE  C,  and  Cz,  as  a  function  of  time,  on  an  AIzCuMg 
stationary  electrode  in  0.1  M  A/a^O,  +  0.005  M  Nad  (pH  6) 
compared  to  0.1  M  Na2S04  +  0.005  M  Nad  +  0.0062  M  NazCr04  -h 
0.0038  M  HzCr04  (pH  6).  Range  of  CPE  exponent  values  without 
chromate  in  solution  for  Ci  and  Cz  were  0.70  to  0.98  and  0.84  to 
0.98,  respectively.  Range  of  CPE  exponent  values  with  chromate  in 
solution  for  Cl  and  Cz  were  0.63  to  0. 73  and  0.84  to  0.89,  respectively. 


At  least  two  types  of  apparent  alterations  of  net 
cathodic  kinetics  are  produced  by  chromate:  mini- 
mizing  dissolution  and  possible  porous  surface  area 
development  on  the  Al^CuMg  phase  and  suppression 
of  OCP  pitting  of  AA2024-T3.  Al^Cu.  and  Al-Cu-Mn- 
Fe  intermetallics.  A  third  is  the  possible  action  of 
chromate  as  an  oxidizer  that  thickens  oxide  films  on 
Cu  and  AlaoCuaCMnFelg,  as  suggested  by  EIS  (Figure 
1 1).  This  would  reduce  net  cathodic  kinetics  as  ob¬ 
served  in  the  comparison  of  Figure  5  to  Figures  13 
and  14.  Chromate  has  even  been  reported  to  thicken 
oxides  on  Pt.52-53  reasons  why  increases  in  net 
cathodic  kinetics  are  observed  after  chromate  treat- 
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Time  (s) 

FIGURE  11(a).  Impedance  modulus,  IZj,  at  10  Hz  as  a  function  of 
time  on  an  Al2oCu2(MnFe)3  stationary  electrode  in  0.1  M  NatS04  + 
0.005  M  Nad  (pH  6)  compared  to  0.1  M  Na^SO^  +  0.005  M  Nad  + 
0. 0062  M  NaiCrOt  +  0. 0038  M  H^dOt  (pH  6). 


— C, ;  0.1  M  NajSO^  +  0.005  M  NaCI 
-a—  Ca;  0.1  M  NaaS04  +  0.005  M  NaCI 
-O-  C, ;  0.1  M  Na2S04  +  0.005  M  NaCI  +  0.01  M  CiO|“ 
"X"  Cj:  0.1  M  NaaS04  +  0.005  M  NaCI  +  0.01  M  CrO|" 


Time  (s) 

FIGURE  11(b).  CPE  C,  and  C2,  as  a  function  of  time,  on  an 
Al2oCu!(MnFe)3  stationary  eiectrode  in  0.1  M  Na^04  +  0.005  M  Nad 
(pH  6)  compared  to  0.1  M  Na2S04  +  0.005  M  Nad  +  0.0062  M 
NaiCrOi  +  0. 0038  M  H2Cr04  (pH  6).  Range  of  CPE  exponent  values 
without  chromate  in  solution  for  C,  and  Cz  were  0.65  to  0.92  and 
0.64  to  0.81,  respectively.  Range  of  CPE  exponent  values  with 
chromate  in  solution  for  C,  and  Cj  were  0.80  to  0.84  and  0.74  to 
0.78,  respectively. 


ment  of  Al  compared  to  a  decrease  for  Cu  and 
Al2oCu2(MnFe)3  also  might  lie  in  the  relative  contribu¬ 
tions  of  the  chromate  reduction  reaction  to  the  net 
cathodic  kinetics  of  these  different  metals.  The  rate 
of  cathodic  ORR  kinetics  on  Al  is  much  lower 
(2  to  3  orders  of  magnitude  lower)  than  Cu  and 
Al2oCu2(MnFe)3  (Figure  5).  Therefore,  any  small  con¬ 
tribution  to  the  net  cathodic  current  density  i^a  by  the 
reduction  of  chromate  would  be  much  more  signifi¬ 


cant  on  Al  than  on  Cu  or  Al2oCu2(MnFe)3  and  much 
more  easily  observed.  The  conductivity  of  the  Al  oxide 
film  also  might  have  been  altered  by  the  presence  of 
chromate.  Moreover,  although  Cu  and  Al2oCu2(MnFe)3 
are  relatively  passive  at  OCP,  their  breakdown  poten¬ 
tials  (Figure  2[bl)  are  close  to  their  OCP.  It  is  there¬ 
fore  not  unreasonable  that,  on  occasion,  corrosion 
occurs  on  Cu  and  Al2oCu2(MnFe)3  at  OCP  (these  were 
tested  when  not  galvanically  coupled  to  AA2024-T3 
as  they  would  be  in  the  matrix  of  AA2024-T3).  When 
passivity  breakdown  occurs,  net  cathodic  kinetics 
will  be  slightly  more  enhanced  as  demonstrated. 

The  presence  of  chromate  would  undoubtedly 
serve  to  decrease  the  cathodic  current  density  by 
suppressing  corrosion. 

The  use  of  Au  allowed  for  the  elimination  of  the 
aforementioned  factors  and  enabled  measurement 
of  the  effect  of  chromate  only  on  the  rate  of  mass- 
transport-limlted  ORR  rates  (Figure  15).  Here,  it  was 
shown  that  chromate  pretreatment  did  not  affect  the 
mass-transport-limited  ORR  rates.  Furthermore,  the 
presence  of  chromate  in  solution  increased  i<,a  in  the 
mass  transport  region  as  a  result  of  the  additive  ef¬ 
fects  of  the  ORR  and  the  chromate  reduction  reaction 
(Cr®*  to  Cr®*).  The  rate  of  reduction  of  Cr(VI)  to  Cr(IIl) 
is  relatively  fast  on  Au.®=*-®^  and  its  reduction  products 
are  not  specifically  adsorbed  on  its  surface.  However, 
reduced  mixed  or  charge-transfer-controlled  ORR 
rates  are  observed  on  Au  and  Cu.  This  suggests  that 
CrO|-  and  other  anions  could  block  Oj  adsorption 
sites  and,  thus,  provide  a  mechanism  for  “Intrinsic” 
inhibition  of  ORR 

Anion  Competitive  Adsorption 
Model  for  ORR  Suppression 

Figures  17(a)  and  (b)  for  Au  and  Cu  clearly  indi¬ 
cate  that  the  ORR  under  charge  transfer  and  mixed 
charge  transfer  mass-transport-controlled  conditions 
deviate  from  the  ideal  ORR  behavior  described  by 
Equation  (10)  when  SO|-  and  CP  are  present  in 
the  electrolyte.  The  deviation  of  charge-transfer-con- 
trolled  behavior  from  ideal  theoretical  kinetics  is  even 
greater  with  the  presence  of  chromate  (in  this  case, 
at  pH  6,  a  mixture  of  chromate  species  consisting  of 
HCrOi,  CrOJ" ,  and  CrOf*  as  a  result  of  the  speciation 
of  chromate*®).  However,  as  the  cathodic  potential  is 
reduced  further,  the  kinetics  of  ORR  reach  the  ex¬ 
pected  result  for  mass-transport-limited  ORR  even 
with  SOJ-,  CP,  and  the  chromate  species  present  in 
solution.  Results  on  Au  in  particular  require  another 
role  for  the  chromate  species  to  produce  ORR  sup¬ 
pression,  besides  its  effect  on  OCP  corrosion  rates. 

This  is  because  metal  dissolution  and  surface  area 
changes  do  not  occur  on  Au.  One  possible  explana¬ 
tion  is  that  competitive  adsorption  of  SO5-,  CP.  and 
the  chromate  species  block  O2  adsorption  sites.  An¬ 
other  possibilily  is  that  CrjOj  and  Cr(OH)3  surface 
formation  hinder  ORR.®®  Although  CrO?'  might  be 
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FIGURE  12(a).  E-logi  behavior  of  an  AA2024-T3  stationary  electrode 

in  0.1  M  NazSO,  +  0.005  M  Nad  (pH  6)  and  0.1  M  NaiSO^  + 
0.005  M  Nad  +  0.0062  M  Na^rO,  +  0.0038  M  H,d04  (pH  6) 
showing  stable  pitting. 


FIGURE  13(a).  Cathodic  E-logi  behavior  of  pure  Cu,  Al,  and 
AI„Cut(MnFe)3  in  0.1  M  Na^SO^  +  0.005  M  Nad  (pH  6)  at  electrode 
rotation  speed  of  500  rpm  (afi^  =  7.24)  after  a  2-h  pretreatment  in 
0. 1  M  NaiSO,  +  0.005  M  Nad  +  0.0062  M  Na^CrO,  +  0.0038  M 
HiCrO^  (pH  6)  at  OCR  All  electrolytes  were  at  ambient  aeration. 


E (Vsce) 


FIGURE  12(b).  Cumulative  probabiiity  plot  of  OCP  and  Em  of  an 
AA2024-T3  stationary  electrode  in  0.1  M  Na^SOt  +  0.005  M  Nad 
(pH  6)  and  of  E^  in  0.1  M  Na^SO,  +  0.005  M  Nad  +  0.0062  M 
NaiCrO,  +  0.0038  M  HiCrOt  (pH  6)  showing  a  clear  separation 
between  OCP  and  E^  with  chromate  in  solution. 


FIGURE  13(b).  Oxygen  reduction  limiting  current  density  (iO  data 
from  rotating  disk  efectrodes  for  pure  Cu  and  Al,  and  Alii/CuJMnFe), 
in  0.1  M  Na^SO^  *  0.005  M  Nad  (pH  6)  after  a  2-h  pretreatment  in 
0.1  M  Na3S04  +  0.005  M  Nad  +  0.0062  M  Na!Cr04  +  0.0038  M 
HiCrOt  (pH  6).  All  electrolytes  were  at  ambient  aeration. 


expected  to  be  reduced  immediately  to  Cr(III)  at  such 
cathodic  potenUals  below  the  Cr(VI)  redox  potential 
(Equations  {3]  through  [5]).  radiotracer  measure¬ 
ments  on  Fe  show  that  CrO|-  adsorption  is  a  precur¬ 
sor  to  CrjOa  and  Cr(OH)3  formation.®^  **  Hence,  if  SOJ- 
and  Cl-  block  surface  sites,  then  the  adsorption  and 
subsequent  reduction  of  the  chromate  species  is  hin¬ 
dered.  This  claim  is  supported  by  experimental  evi¬ 
dence  because  Cr(VI)-Cr(III)  reduction  rates  on  Au 
never  reached  their  predicted  ideal  mass-transport- 
limlted  cathodic  current  densities.  This  is  likely 
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caused  by  blocking  of  reduction  sites  by  SO|-  and  Cl" 
However,  chromate,  SO«^,  and  Ch  anions  could  be¬ 
come  desorbed  at  negative  potentials  because  of  un¬ 
favorable  electrostatic  forces  where  these  forces  repel 
the  anions,  as  many  classical  electrocapUlaiy  studies 
indicate.®9^“  Any  remaining  chromate  species  adsorp¬ 
tion  that  persists  at  negative  potentials  must  derive 
from  nonelectrostatlc  or  chemical  Interactions. 
Therefore,  competitively  adsorbed  anions  could  block 
ORR  sites,  except  at  very  negative  potentials.  A  some¬ 
what  analogous  argument  has  been  made  for  anodic 
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i  (A/cm^) 

FIGURE  14(a).  Cathodic  E-logi  behavior  of  pure  Cu  and  Af,  and 
Af2oCu2(MnFe)3,  in  0.1  M  NazSO^  +  0.005  M  NaCI  +  0.0062  M 
Na2Cr04  +  0.0038  M  H2Cr04  (pH  6)  at  ambient  aeration  and  an 
electrode  rotation  speed  of  500  rpm  ^  =  7.24). 


FIGURE  14(b).  Oxygen  reduction  limiting  current  density  (ij  data 
from  rotating  disk  electrodes  for  pure  Cu  and  A!  and  Al2oCu2(MnFe)3 
in  0.1  M  Na2S04  -h  0.005  M  NaCI  +  0.0062  M  Na2Cr04  +  0.0038  M 
H2Cr04  (pH  6)  at  ambient  aeration.  Levich  prediction  at  concentration 
of  6  ppm  (1.88  X  10^  M)  dissolved  O2. 


inhibition  by  CrO|“  where  competitive  adsorption  be¬ 
tween  chromate  and  Cl~  impedes  the  ability  to  form  a 
passive  Streblow  and  Titze  have  utilized  a 

potential-dependent  Langmuir  isotherm  to  describe 
the  role  of  competitive  adsorption  between  competi¬ 
tive  aggressive  and  inhibitive  anions  (e.g.,  SOf.  Cl". 
CrOI")  on  anodic  dissolution.®^  A  similar  treatment 
was  used  here  to  model  the  way  in  which  adsorbed 
anions  could  block  oxygen  reduction  sites  as  a  func¬ 
tion  of  heat  of  adsorption,  concentration,  and  applied 
potentials.  The  general  form  of  such  an  adsorption 
isotherm  is  as  follows: 


<0°  ®  (rad/s)^-® 


FIGURE  15.  Oxygen  reduction  limiting  current  density  (i,)  from 
rotating  disk  electrodes  of  pure  Au  in  0. 1  M  Na2S04  +  0.005  M  NaCI 
(pH  6),  0.1  M  Na2S04  +  0.005 M  NaCI  (pH  6)  after  a  2-h  pretreatment 
in  0. 1  M  Na2S04  +  0.005  M  NaCI  +  0.0062  M  Na2Cr04  +  0.0038  M 
H2Cr04  (pH  6),  and  in  0. 1  M  Na2S04  +  0.005  M  NaCI  +  0.0062  M 
Na2Cr04  +  0.0038  M  H2Cr04  (pH  6).  Levich  prediction  at 
concentration  of  6  ppm  (1.88  x  10^  M)  dissolved  O2.  All  electrolytes 
were  at  ambient  aeration. 


where  AHad,  is  the  heat  of  adsorption  of  a  particular 
species,  E  is  the  electrochemical  potential,  and  other 
terms  have  their  usual  meanings.  Here,  the  electro- 
chemically  active  electrode  area  for  ORR  would  be 
reduced  according  to  the  following  relationship: 

Aqrr  =  Ae,ectrode(l  “  ® Anions  )  (12) 

A  chromate  adsorption  isotherm  has  been  developed 
for  Fe  as  a  function  of  chromate  concentration.®*  It 
was  found  to  obey  the  Temkin  isotherm.®'  Unfortu¬ 
nately,  the  exact  mathematical  description  of  a 
chromate  adsorption  isotherm  in  terms  of  applied 
potential  is  unclear  for  the  materials  used  in  this 
study  (i.e.,  k  and  AHad,  are  unknown).  0A„,ons  was 
varied  according  to  a  modified  version  of  Equation 
(11)  (Equation  [13]),  which  produces  modification 
of  Aorr  according  to  Equation  (12).  Aqrr  is  used  in 
Equation  (10)  and  affects  both  f-t  and  i,.  Equation 
(10)  then  was  used  to  develop  the  famUy  of  E-logi 
curves  indicated  in  Figure  17  for  a  range  of  hypo¬ 
thetical  values: 


A 

^Anions 
^  ““  ^Anions 


exp 


/(E-E„)Fe 

RT 


\ 

> 


(13) 
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-0.40 


FIGURE  16(a).  E-logi  behavior  of  an  AA2024-T3  stationary  electrode 

in  0.1  M  Na^SO^  +  0.005  M  Nad  (pH  6),  01.  M  Na2S04  (pH  6)  and 
0.1  M  NaiSOt  +  0.005  M  Nad  +  0.0062  M  NasCrOt  +  0.0038  M 
HjCrOt  (pH  6)  after  a  2-h  exposure  at  OCR 


where  1/D  e  and  e  is  the  potency  term  accounting 
for  strength  of  attraction.  E  and  Eq  are  the  applied 
electrochemical  potential  and  the  assumed  potential 
where  the  coverage  is  0.5.  F  is  the  Faraday  constant, 
R  is  the  molar  gas  constant.  T  is  temperature.  C,^ 
is  the  bulk  solution  concentration  of  anions,  and  k  is 
an  unknown  Langmuir  constant.  kCA„,„„,  was  taken 
to  be  1 .  For  the  cathodic  kinetics  modeled  here,  all 
anion  adsorption  was  assumed  to  cease  at  very  nega¬ 
tive  potenUals  consistent  with  electrocapillaiy  curve 
behavior  where  the  surface’s  excess  of  anions  van¬ 
ishes  at  cathodic  potentials.  The  result  produced  the 
set  of  cathodic  E-logi  curves  indicated  in  Figure  17. 
These  ORR  kinetics  indeed  mimic  the  behavior  ob¬ 
served  on  Au  and  Cu.  These  results  do  not  identify 
the  exact  parameters  associated  with  Equations  (1 1) 
through  (13).  but  such  hypothesized  blockage  of 
ORR  sites  by  anions  is  certainly  consistent  with  the 
experimental  data.  Although  the  data  modeled  in 
Figure  17  include  only  SOf  and  Ck  anions,  the 
presence  of  chromate  anions  in  solution  is  expected 
to  contribute  further  to  the  deviation  of  chai^e- 
transfer-controUed  behavior  from  ideal  theoretical 
kinetics.  This  is  vividly  seen  for  Cu  in  Figure  14. 

Unfortunately,  according  to  this  model,  suppres¬ 
sion  of  the  ORR  by  chromate  chemisorption  would 
not  necessarily  be  operative  at  very  negative  poten¬ 
tials  t5rpical  of  the  OCP  of  corroding  AA2024-T3. 
Chromate  reduction  could  block  sites  at  cathodic 
potentials  if  its  reaction  products,  once  formed  by 
reduction,  limited  ORR  below  its  theoretical  mass- 
transport-controlled  limit.  However,  such  a  benefit  is 
not  seen  on  Al,  as  already  has  been  discussed.  Spe¬ 
cifically.  suppression  of  the  ORR  reaction  by  rate- 
limiting  electron  transmission  across  the  oxide  film  is 
the  dominant  rate-limiting  factor  that  lowers  ORR 
rates  on  Al.  Apparently,  any  Oj  adsorption  site  block¬ 
age  by  anions  is  more  than  offset  by  the  role  of  chro- 
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0.1  M  Na2S04  +  0.005  M  NaCI  (pH  6) 

0.1  M  Na2S04  (pH  6) 

-0-  0.1  M  Na2S04  +  0.005  M  NaCI  +  0.01  M  CrO|-(pH  6) 


i  (A/cm®) 

FIGURE  16(c).  E-logi  behavior  of  an  Alfiu  stationary  electrode  in 
0. 1  M  Na^O,  +  0.005  M  Nad  (pH  6),  0. 1  M  Na^SO^.  and  0. 1  M 
Na^04  +  0.005  M  Nad  +  0.0062  M  NaiCr04  +  0.0038  M  HiCr04 
(pH  6)  after  a  2-h  exposure  at  OCP. 


mate  or  its  reduction  products  in  modifying  oxide 
thickness,  conductivity,  or  supply  of  another  ca¬ 
thodic  reactant.  In  fact,  the  dominant  effect  of  chro¬ 
mate  ions  on  Al  is  actually  to  raise  La  (Figure  6).  The 
key  point  is  that  blockage  of  ORR  sites  by  chromate 
anions  is  consistent  with  experimental  data  for  Cu 
and  Au.  However,  it  is  not  seen  at  negative  poten¬ 
tials,  nor  appears  to  be  the  dominant  effect  on 
Al-based  materials. 
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i  (A/cm^) 
(a) 


(b) 

FIGURE  17.  //  corrected  for  exponential  coverage  effects  for 
(a)  Au  and  (b)  Cu  in.  0.1  M  NazSO^  +  0.005  M  Nad  at  500  rmp 
^  ^7.24  rad/s).  Eq  is  the  potential  at  which  adsorbed  inhibitor 
coverage  is  0.5,  and  1/D  =  e,  which  is  a  potency  factor  accounting 
for  strength  of  attraction  (added  to  Equation  [13]).  At  no  correction: 
0=7. 


Open-Circuit  Corrosion  of  AA2024-T3 

A  key  question  concerns  the  role  of  reduction  in 
cathodic  kinetics  on  microgalvanic  coupling  if  it  is 
brought  about  by  chromate-induced  reduction  of 
OCP  dissolution.  Another  important  question  is 
whether  this  phenomenon  inhibits  open-circuit  cor¬ 
rosion  even  if  mass-transport  reduction  kinetics 
are  not  altered.  Clearly,  chromate  inhibits  corrosion 
of  Al2CuMg,  which  reduces  the  possible  formation  of 
a  porous  Cu-rlch  phase  and  Cu  replating  (Figure 
10).^  Therefore,  minimization  of  Cu  release  through 
passivation  of  AljCuMg  would  lower  cathodic  reaction 
rates.  Similarly,  chromate  suppresses  AA2024-T3 
pitting,  which  minimizes  the  release  of  Cu  from  AI- 
Cu  solid  solution  (Figure  12).  In  turn,  both  of  these 
limit  subsequent  net  cathodic  reaction  rates  by  mini¬ 
mizing  Cu  replating,  surface  area  increase,®  acidic  or 
alkaline  pH  shifts,  etc.  Any  Cu  replated  on  AA2024- 


T3  surfaces  during  corrosion  (e.g.,  during  alkaline 
treatment  or  corrosion  in  Cl  )'*’  would  raise  cathodic 
reaction  rates  when  such  deposited  Cu  is  negatively 
polarized  to  the  OCP  of  AA2024-T3  (Figure  2).  How¬ 
ever,  to  fully  separate  the  effects  of  soluble  chromate 
inhibitors  on  anodic  vs  cathodic  reactions,  experi¬ 
ments  must  be  conducted  using  electrodes  that 
separate  anodes  from  cathodes.  Studies  containing 
anodes  and  cathodes  on  the  same  surface  are  com¬ 
plicated  by  these  multiple  influences  of  chromate. 

CONCLUSIONS 


❖  Mass-transport-limited  ORR  rates  are  enhanced  on 
Intermetallics  and  bulk  Cu  compared  to  pure  A1  in 

0. 1  M  Na2S04  +  0.005  M  NaCl. 

❖  Net  ORR  rates  on  intermetallics  and  bulk  Cu  com¬ 
pared  to  pure  A1  are  still  enhanced  in  the  presence  of 
chromate  or  after  pretreatment  in  chromate  over  the 
range  of  disk  rotation  rates. 

❖  Prior  (e.g.,  at  OCP)  corrosion  alters  net  cathodic 
reaction  rates  in  the  mass-transport-limited  oxygen 
reduction  regime  by  increasing  electrode  area  through 
surface  roughening,  pit  formation,  and  the  extent  to 
which  the  surface  is  covered  by  replated  Cu. 

❖  Chromate  at  0.01  M  concentration  levels  inhibits 
OCP  corrosion  and.  in  turn,  decreases  net  cathodic 
reaction  rates  on  AA2024-T3. 

❖  Chromate  at  0.01  M  concentration  levels  lowers 
the  active  dissoluUon  rate/passivates  Al2CuMg.  Net 
cathodic  reaction  rates  are  subsequently  inhibited. 

❖  Reduction  in  net  mass-transport-limited  ORR  reac¬ 
tion  rates  were  observed  after  pretreatment  in  chro¬ 
mate  at  0.01  M  concentration  levels  on  Cu,  but  not 
on  Al2oCu2(MnFe)3.  Mass-transport-limited  ORR  rates 
on  Al2oCu2(MnFe)3  were  inhibited  by  the  addition  of 
0.01  M  chromate  in  0.1  M  Na2S04  +  0.005  M  NaCl. 

❖  Mass-transport-controlled  ORR  cathodic  kinetics 
on  stationary  electrodes  of  AA2024-T3  in  0.1  M 
Na2S04  were  not  reduced  by  chromate.  Net  ORR 
rates  were  reduced  in  sulfate,  or  sulfate  +  chromate 
compared  with  NaCl  +  sulfate  where  prior  corrosion 
occurred. 

❖  Charge-transfer-controlled  ORR  rates  were  re¬ 
duced  on  Cu  and  Au.  This  may  have  been  caused  by 
adsorption  of  chromate  anions  that  blocked  O2 
reduction  sites.  However,  such  potential-dependent 
adsorption  was  suppressed  at  cathodic  potentials, 
possibly  by  electrostatic  anion  repulsion. 
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APPENDIX 


Capacitance  values  can  be  defined  in  an  indirect 
way.  The  impedance  function  Z  of  constant  phase 
element  (CPE)  is  given  by  the  following  .63-64 


ZcPE-T^O®)"  (A-1) 

*0 

where  ©  is  the  angular  velocity  (rad/s),  and  n  and 
are  frequency-independent  parameters.  When  n  =  1. 
the  CPE  is  an  ideal  capacitor  (C)  and  Y„  =  C.  n  =  0.5 
typically  represents  diffusional  impedance.  When 
n  =  0,  the  CPE  becomes  a  pure  resistor  and  R  (resis¬ 
tance)  is  equal  to  I/Yq.  The  CPE  parameter  plotted 
on  the  vertical  axes  of  Figures  4(c),  4(f),  10(c),  and 
1 1(b)  is  therefore  Yq.  In  this  study,  CPE  was  used  to 
express  data  because  n  <  1  but  n  >  0.5.  For  a  given 
frequency,  the  relationship  between  the  real  and  the 
imaginary  part  of  impedance  of  the  CPE  (Zcpe)  and 
the  fitted  capacitance  (ZJ  is:“ 

jlm{ZcpE)  =  Zc  (A-2) 


therefore: 


jlm 


f(j»r 

^  n 


1 

j(oC 


(A-3) 


where  C  denotes  the  resulting  capacitance.  Equation 
(A-3)  can  be  written  as  a  function  of 


(A- 4) 


Therefore,  at  the  frequency  where  the  phase  angle  is 
at  maximum,  the  capacitance  C  can  be  given  by:®®  ®^ 


C  =  Y„©"-Vslnfn^' 

V  2) 


(A- 5) 
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February  18-20  —  2001  A  Coatings 
Odyssey,  25th  Biennial  Western 
Coatings  Society  Symposium — 
Anaheim,  CA;  (Contact  Henry  Kirsch.  562/ 
942-1833. 

‘February  21-23  —  Army  Corrosion 
Summit  —  Tampa,  FL;  Contact  Claire 
Lesinski,  Phone:  727/549-7013;  E-mail: 
leslnskic@ctc.com. 

February  21-25  —2nd  international 
Exhibition  and  Conference  on 
Concrete—  Mumbai,  India;  Contact 
Gajanan  M.  Sabnis,  Phone: 202/806-6580; 
E-mail:  gms@sabnis.com. 

*  February 26-28—  NACE  Northern  Area 
Western  Conference  — Anchorage,  AK; 
Contact  John  Daley,  907/343-0268. 

‘March  11-16  —  CORROSION/2001  — 
Houston,  TX;  Contact  NACE,  281/228- 
6200. 

April  16-20  — 4th  Latin  American 
Biodeterioration  and  Biodegradation 
Symposlum-4  LABS  —  Buenos  Aires, 
Argentina;  Contact  Blanca  Rosales, 
Phone:  +54  11  4709  3621;  Fax:  +54  11 
4709321 0;  E-mail:  brosales@dtefa.gov.ar. 

May  1-3  —  Western  States  Corrosion 
Seminar  —  Pomona,  CA;  Contact  John 
Fisk,  909/392-5452. 

Sponsored  or  cosponsored  by  NACE 
International. 


*  May  8-9—  Symposium  on  Outdoor  and 
Indoor  Corrosion  —  Phoenix,  AZ; 

Contact  Dorothy  Fitzpatrick.  610/832-9677. 

June  10-14 —  7th  European  Conference 
on  Advanced  Materials  and 
Processes  —  Rimini,  Italy;  Contact 
Organizing  Secretariat,  Associazione 
Italiana  di  Metaflurgia  (AIM),  Phone:  +39 
02  7602 1 132;  Fax:  +39  02  7602  0551. 

‘June  17-20  —5th  International 
Symposium  on  Superalloys  718,  625, 
706  and  Derivatives  —  nttsburgh,  PA; 

Contact  Marlene  Karl,  Phone:  724/776- 
9000.  ext. 232;  Fax: 724/776-3770;  E-mail: 
karl@tms.oig. 

June  17-21  —  American  Water  Works 
Association  Annual  Conference  and 
Exposition  — Washington,  DC;  Contact 
AWWA  303/347-6160. 

June  17-22  — 5th  Electrochemical 
Impedance  Spectroscopy  Symposi¬ 
um  —  Marllleva,  Trento,  Italy;  Contact 
Pier  Luigi  Bonora,  Phone:  +39  0461 
882428;  Fax:  +39  0461  881977;  E-mail: 
Pierluigi.Bonora@ing.unitn.it. 

July  16-20  —  2001  U.S.  Navy  and 
Industry  Corrosion  Technology 
Information  Exchange  and  Exhibits  — 
Louisville,  KY;  Contact  Don  Hileman, 
Phone: 502/364-5231 ;  Fax: 502/364-5354; 
E-mail;  hilemande@nswcl.navy.mil. 


‘August  5-9  —10th  International 
Conference  on  Environmental 
Degradation  of  Materials  in  Nuclear 
Power  Systems— Water  Reactors  — 
Lake  Tahoe,  NV;  Contact  NACE,  281/ 
228-6200. 

‘August  21-24  —10th  International 
Symposium  on  Corrosion  in  the  Pulp 
and  Paper  Industry — Helsinki,  Rnland; 

Contact  Tero  Hakkarainen,  Phone:  +358  9 
456  5410;  Fax:  +358  9  456  7002;  E-mail: 
tero.hakkarainen@vtt.fi. 

‘  August  26-29  —  NACE  Northern  Area 
Eastern  Conference—  Halifax,  NS, 
Canada;  Contact  Don  Marchand,  Phone: 
902383-2220;  Fax:  902/758-3622. 

‘  Seplember9-14—  NACE  Fall  Committee 
Week  —  Phoenix,  AZ;  Contact  NACE, 
281/228-6200. 

September  16-21  —International 
Conference  on  Hydrogen  Effects  on 
Material  Behavior  and  Corrosion 
Defonnation  Interaction — Moran,  WY; 

Contact  Gaiy  Was.  Phone:  734/763-4675; 
Fax;  734/763-4540;  E-mail:  gsw@ 
umich.edu. 

September  18-20  —  NACE  UK  Section 
Joint  Conference  with  ICORR  — 
Edinburgh,  Scotland ;  Contact  Institute  of 
Corrosion,  Phone:  +44(0)  1525  851771- 
Fax:  +44(0)  1525  376690;  E-mail: 
admin@icorr.demon.co.uk. 
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Abstract 

The  global  potential  and  the  local  potential  associated  with  the  intermetallic  particles 
(IMCs)  of  the  alloy  combined  to  control  blister  initiation.  Upon  immersion  in  NaCl  solutions, 
epoxy-coated  panels  experienced  an  increase  in  the  OCP  to  near  or  above  the  mean  pitting 
potential  (due  to  solution  uptake  and  oxygen  transport  through  the  coating)  followed  by  a 
subsequent  decrease  in  OCP  (due  to  local  passive  layer  breakdown  by  Cf  at  the  bare  metal 
surface),  which  coincided  with  observations  of  active  blisters.  Galvanic  effects  between  the  A1 
matrix  and  IMCs,  known  to  contribute  to  the  localized  corrosion  of  bare  A1  alloys,  were  found  to 
contribute  to  underfilm  corrosion  of  AAl  100-H14.  The  effect  of  varying  chloride  concentrations 
revealed  a  process  that  competed  with  potential  control  for  blister  initiation:  water  uptake  by  the 
coating.  At  low  Cf  concentrations,  the  degree  of  open  circuit  pitting  was  the  controlling 
parameter  for  blister  initiation  whereas  at  high  Cf  concentrations  water  uptake  dominated. 
Blister  growth  occurs  on  AAl  100-H14  by  way  of  anodic  undermining,  where  a  thin  layer  of  A1 
matrix  is  dissolved  underneath  the  organic  coating  causing  detachment  of  the  coating  from  the 
substrate.  All  blisters  behaved  as  net  anodes  in  the  early  stages  of  life.  A  fast  shift  to  dominant 
cathodic  activity  occurred  on  AA 1 1 00-H 1 4  if  iron  oxide  deposited  inside  the  blister. 
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Introduction 

Blistering  is  usually  one  of  the  first  signs  of  insufficient  protection  of  organic  coatings 
against  corrosion.  Blisters  are  local  regions  where  adherence  between  the  coating  and  the 
substrate  has  been  lost,  so  that  solution  may  accumulate  and  corrosion  may  begin.  The 
mechanism  of  blister  growth  depends  on  the  type  of  electrochemical  activity  occurring  inside  the 
blister,  i.e.,  whether  the  blister  shows  anodic  or  cathodic  activity.  The  modes  of  blister  growth 
corresponding  to  cathodic  or  anodic  activity  are  very  different  and  operate  imder  specific 
conditions. 

Cathodic  blistering  occurs  as  a  result  of  the  production  of  an  alkaline  environment 
underneath  the  coating  due  to  the  cathodic  reaction.  The  prerequisite  for  the  development  of 
cathodic  blisters  is  that  the  substrate  is  capable  of  supporting  a  cathodic  reaction,  which  in  the 
case  of  neutral  or  alkaline  environments  is  oxygen  reduction.  The  loss  of  adhesion  associated 
with  corroding  coated  steel  imder  cathodic  conditions  is  known  as  cathodic  delamination.  It  can 
occur  either  in  the  presence  or  in  the  absence  of  an  applied  potential.  The  major  driving  force  for 
cathodic  delamination  in  air  is  the  reduction  of  oxygen,  which  produces  hydroxyl  ions  and 


1  o 

reaction  intermediates  '  .  The  products  of  oxygen  reduction  are  believed  to  be  a  destructive 
agent  to  the  coating/substrate  bond  as  the  pH  is  high  in  the  regions  where  the  cathodic  reaction  is 
taking  place.  The  value  of  the  pH  at  the  delamination  front  depends  on  the  rate  of  reaction, 
shape  of  the  delamination  front,  and  the  rate  of  hydroxyl  ion  diffusion  away  from  the 
delamination  front'*. 

Growth  occurs  by  a  progression  of  delamination  from  the  central  anodic  site;  the  detached 
regions  of  coating  eventually  swell  with  occluded  blister  solution  as  the  blister  takes  shape. 
Separation  of  anodes  and  cathodes  occurs  because  of  differences  in  oxygen  permeability  at  these 
sites  so  that  a  potential  gradient  exists  between  them,  acting  as  a  driving  force  for  cathodic 
delamination.  Therefore,  the  delamination  front  (cathode)  is  usually  represented  by  positive 
potentials  while  the  delaminated  region  (anode)  is  represented  by  negative  potentials.  pH  values 
between  10  and  12  have  been  reported  at  the  delamination  front'*.  Koehler  concluded  that 
delamination  was  due  to  saponification  of  the  coating  in  his  studies  on  polybutadiene-coated 
steel^.  Saponification  is  the  hydrolysis  of  esters  in  the  presence  of  strong  soluble  bases.  Anodic 
undermining  represents  a  class  of  corrosion  underneath  an  organic  coating  where  the  major 
separation  process  is  anodic  dissolution  of  the  substrate  under  the  coating.  A  thin  layer  of  the 
substrate  is  selectively  dissolved  so  that  the  organic  coating  becomes  detached  from  the  surface. 
Figure  7  shows  the  anodic  undermining  mechanism^. 

Aluminum  is  particularly  susceptible  to  anodic  undermining;  it  can  also  occur  on  coated 
steel  under  applied  anodic  potentials'*^’’.  Anodic  undermining  bears  a  close  relationship  to 
pitting,  although  it  tends  to  occur  preferentially  to  pitting.  The  mechanism  is  activated  by  the 
presence  of  chloride,  and  it  tends  to  prevent  pit  development  in  areas  where  pitting  would 
normally  be  expected  (i.e.,  where  the  cathode  is  located).  For  this  reason,  significant  corrosion 
damage  is  usually  not  observed  at  the  cathodes  in  anodic  undermining  experiments’.  The 
corrosion  associated  with  anodic  undermining  occurs  at  a  low  rate  initially.  Growth  occurs  by 
way  of  a  progressively  advancing  mode  of  crevice  corrosion  where  the  crevice,  or  anode,  exists 
at  the  bare  metal  interface  underneath  freshly  detached  coating. 

Anodic  undermining  is  not  as  widely  addressed  in  the  literature  as  cathodic  delamination. 
Galvanic  effects  and  principles  of  crevice  corrosion  have  been  accepted  as  providing  a  suitable 
explanation  for  the  undermining  mechanism. 

Experimental  Procedures 

A  five-step  cleaning  protocol  was  used  to  degrease  alloy  samples  cut  into  7.6  cm  by  7.6  cm 
panels  prior  to  the  eoating  proeedure.  Panel  thickness  was  approximately  1.13  mm  (44.5  mils). 
Panel  surfaces  and  edges  were  scrubbed  with  a  sponge  soaked  in  Alconox®  and  deionized  water. 
A  rinse  with  1 8  MQ-cm  Milli-Q  water  (from  a  Millipore  Milli-Q™  system)  followed,  and  each 
panel  was  dried  with  forced  air.  Panels  were  then  cleaned  with  sequentially  in  isopropanol  and 
hexane.  The  clear  epoxy  coating  mixture  used  for  all  experiments  was  a  1:1:0.1  ratio  of  three 
components:  resin,  curing  agent,  and  solvent.  The  resin  was  a  bisphenol  A-epichlorohydrin 
based  epoxy  solution  manufactured  by  Shell  with  product  name  “Epon(R)  Resin  lOOl-CX-75.” 
The  resin  contained  16.3%  methyl  isobutyl  ketone  and  8.7%  xylene  with  a  remaining  balance  of 
the  Epon  resin.  The  second  component  of  the  coating  mixture  was  70%  (by  weight)  fatty  acid- 
polyethylene  polyamine  based  polyamide  curing  agent  with  both  high  molecular  weight  and  high 
viscosity  and  30%  xylene  (by  weight).  The  curing  agent  was  also  manufaetured  by  Shell  with 
product  name  “Epi-cure(R)  3115.”  In  addition,  the  coating  formulation  contained 
butylcellosolve  (ethylene  glycol  +  monobutyl  ether)  acting  as  a  solvent  for  increased  viscosity. 


Coating  application  consisted  of  a  25  second  spin-coating  procedure  conducted  at  two 
different  speeds.  Eaeh  panel  was  centered  on  the  spinning  chuck  of  the  KW4a  spincoater 
(manufactured  by  Chemat  Technology)  and  held  in  place  by  vacuum.  Using  the  10  mL  syringe, 
approximately  1  mL  of  coating  was  released  onto  the  center  of  the  panel  while  sitting  on  the 
chuck.  The  spincoater  spun  at  8,000  rpm  for  10  seconds  followed  by  a  15  second  spin  at 
maximum  speed  of  10,000  rpm.  In  some  cases,  the  vacuum  was  unable  to  hold  panels  to  the 
chuck;  such  panels  were  damaged  and  immediately  discarded.  One  spincoating  sequence  was 
usually  enough  to  uniformly  coat  each  panel.  If  necessary,  the  same  spincoating  sequence  was 
run  a  second  time  to  ensure  uniform  application.  Following  coating  application,  panels  were 
allowed  to  cure  inside  a  drying  chamber  containing  Drierite®  for  a  period  of  at  least  one  week 
before  immersion.  Dry  coating  thickness  averaged  10  pm  over  five  readings  with  values  ranging 
fi'om  2  pm  to  22  pm.  The  data  were  obtained  with  a  PosiTector®  Series  6000-NOS2  coating 
thickness  gauge. 

Water  uptake  of  the  epoxy  coating  was  studied  using  freestanding  thin  films  of  the  same 
coating  formulation  described  above.  Glass  substrates  were  spincoated  with  the  coating.  After  a 
two-week  curing  period  inside  a  dessicator,  the  films  were  wetted  with  1 8  MQ-cm  Milli-Q  and 
cut  along  the  edges  with  a  scalpel  blade.  Using  the  blade,  the  intact  coating  was  carefully 
detached  from  the  glass  substrate  and  allowed  to  dry  in  an  evacuated  dessicator.  The 
freestanding  film  experiments  used  a  three-electrode  setup  to  run  alternating  OCP  and  EIS 
measurements  in  NaCl  solutions  of  the  following  concentrations:  0.02M,  0.2M,  0.5M,  and  2M. 

Results 

Blister  Initiation 

Blisters  were  grown  on  epoxy-coated  substrates  immersed  in  varying  Cf  concentrations 
under  ambient  conditions.  Blister  initiation  times  varied  from  five  days  to  2-3  months  after 
initial  exposure.  Figure  22  shows  AA1100-H14  blister  initiation  times  versus  immersion 
solution  chloride  concentration. 
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Figure  1 .  Blister  initiation  time  vs.  Cf  concentration.  The  gray  bars  corresponding  to  OM  and 
0.02M  Cr  represent  blister  initiation  in  0.2M  NaCl  after  an  initial  exposure  to  more  dilute  NaCl 
solutions. 


More  blisters  formed  in  0.2M  NaCl  than  in  any  other  immersion  solution  for  coated 
AAl  100-H14.  Figure  23  shows  the  number  of  total  blisters  formed  on  each  AAl  100-H14  panel. 
As  observed  with  the  initiation  time,  the  percentage  of  AA1100-H14  panels  immersed  in  each 
NaCl  solution  that  formed  blisters  showed  a  maximum  at  0.2M  as  shown  in  Figure  24. 

Of  the  twelve-coated  AA1100-H14  samples  seeded  with  IM  NaCl  salt  islands,  only  two 
blisters  initiated  at  a  salt  island  site.  The  initiation  time  of  these  particular  blisters  did  not  differ 
significantly  from  the  initiation  times  of  non-island  blisters. 

Blister  Growth  Rates 

Blister  diameters  were  measured  with  the  aid  of  a  digital  microscope  camera  at  different 
points  during  blister  life.  Similar  growth  rates  occurred  for  blisters  grown  in  0.02M  and  0.2M 
NaCl  immersion  solutions.  The  AAl  100-H14  blisters  grown  in  2M  grew  laterally  very  slowly,  if 
at  all.  Figure  26  shows  lateral  growth  rates  for  blisters  in  mm/day  for  times  after  which  blisters 
were  visually  detected. 
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Figure  2.  Lateral  growth  rates  for  different  AAl  100-H14  blisters  in  each  immersion  solution. 


Physical  Observations 

AA1100-H14  blisters  tended  to  be  hemispherical  in  shape  with  circular  growth.  Blister 
formation  was  limited  to  one  or  two  on  each  panel.  The  internal  blister  color  ranged  from  milky 
white  to  no  color.  Gas  bubbles  were  readily  seen  through  the  coating,  as  was  corrosion  product 
accumulation.  Some  blisters  showed  a  defined  circle  of  corrosion  product  at  the  center 
surrounded  by  concentric  rings  of  more  product.  Infrequently,  a  dark  reddish-brown  center,  later 
determined  to  contain  Fe,  appeared  inside  blisters,  surrounded  by  corrosion  product 
accumulation.  Figure  29  shows  photos  of  characteristic  AAl  100-H14  blister  features. 


Figure  3.  Digital  photographs  of  characteristic  AA1100-H14  blister  features  (neutral  pH),  (a) 
Colorless,  hemispherical  blister  grown  in  0.2M  NaCl.  (b)  Active  blister  with  delamination  front 
highlighted  by  dashed  line  (0.2M  NaCl).  (c)  0.02M  NaCl  blister  showing  corrosion  product 
rings  near  the  center,  (d)  Large  gas  bubbles  are  easily  seen  through  the  coating  of  a  blister 
grown  in  0.2M  NaCl. 

Open  Circuit  Potential  Behavior 

Daily  OCP  measurements  show  some  variation  during  the  course  of  blister  life.  In  some 
cases,  a  sharp  decrease  in  OCP  on  the  order  of  150-200  mV  accompanied  blister  formation. 
This  distinct  OCP  decrease  was  not  always  seen,  for  instance,  in  the  case  of  Cell  4  and  Cell  6 
blisters  (see  Figure  31  below)  grown  in  0.2M  NaCl.  However,  OCP  data  for  other  0.2M  NaCl 
(and  other  Cl"  concentrations)  blisters  do  show  the  distinct  decrease.  Metastable  events  were 
often  seen  during  daily  OCP  measurements  both  before  and  after  the  appearance  of  a  blister. 
Figures  31-33  show  daily  global  OCP  fluctuations  as  active  blisters  initiate  and  grow. 

41400  I - 1 - 1 - 1 - 1 - 1 - 1 - \ - 1 - 1 


1  4  7  10  13  16  19  22  25 


D^soflnmrsiGn 

Figure  4.  Daily  open  circuit  potentials  for  0.02M  NaCl  blisters  showing  distinct  OCP  decrease 
upon  blister  formation.  Arrows  indicate  the  day  a  blister  was  visible,  and  the  dashed  line 
indicates  the  pitting  potential  for  AAl  100-H14  in  0.02M  NaCl. 


Anodic  Activity  inside  AAl  100-H  14  Blisters 

AA1100-H14  blisters  showed  dominant  anodic  activity  inside  blister  areas  (represented 
by  a  blue  color).  AAl  100-H  14  blisters  tended  to  show  anodic  activity.  The  area  surrounding 
these  blisters  underneath  the  organic  coating  showed  anodic  activity,  cathodic  activity,  or  a 
combination  of  both.  Figure  44(a)  shows  surrounding  cathodic  activity  (represented  by  negative 
potentials  in  this  scan)  as  does  Figure  44(b). 


Cathodic  Activity  inside  AAl  100-H14  Blisters 

Cathodic  activity  was  detected  inside  AAl  100-H  14  blisters  that  had  a  reddish-brown  color 
located  at  their  centers.  Such  blisters  would  show  dominating  cathodic  activity  with  the 
surrounding  areas  outside  of  the  blister  containing  some  anodic  activity  underneath  the  epoxy 
coating.  Figure  45  shows  example  photographs  and  SRET  scans.  Note  that  the  surrounding  area 
of  the  blister  in  Figure  45(b)  denoted  by  anodic  activity  may  be  an  exaggerated  representation  of 
the  potential  differences  between  the  substrate  and  probe  due  to  the  height  of  the  blister  during 
signal  conditioning. 
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Figure  5.  SRET  scans  and  corresponding  photographs  of  active  AAl  100-H  14  blisters  showing 
cathodic  activity;  photos  taken  same  day  as  the  scans  (0.2M  NaCl).  (a)  A  dark  brown  deposit  at 
the  blister  center  causes  the  blister  to  exhibit  positive  electrochemical  activity,  (b)  Scan  showing 
a  cathodic  AAl  100-H  14  blister  containing  a  dark  center.  The  sharp  line  in  scans  (a)  and  (b) 
occurring  at  600  pm  (x-direction)  is  an  artifact  of  the  software. 


Blister  Corrosion  Morphology 

Large  salt  deposits  were  found  inside  AAl  100-H14  blisters  in  all  NaCl  concentrations.  The 
most  common  form  of  corrosion  attack  found  inside  AA1100-H14  blisters  grown  in  0.02M  and 
0.2M  NaCl  was  shallow  pitting.  SEM  images  of  the  characteristic  shallow  pitting  are  seen  in 
Figure  49(a-b).  CLSM  images,  as  seen  in  Figure  49(c-d),  allowed  determination  of  the  size  and 
depth  of  AAl  100-H14  pits.  The  average  pit  depth  was  10  pm  while  average  pit  width  was  20 
pm.  These  shallow  pits  were  highly  hemispherical  in  nature  and  often  littered  with  constituent 
particles.  EDX  indicated  that  AA1100-H14  constituent  particles  mainly  consisted  of  elemental 
A1  (75+  wt.%).  Si  (5+  wt%),  and  Fe  (less  than  10  wt.%)  in  varying  concentrations.  Other 
elements  included  Cu  (less  than  5  wt.%),  Zn  (less  than  2  wt.%),  Na,  and  Cl.  Shallow  pitting  was 
also  found  in  2M  NaCl  blisters. 

A  large  density  of  shallow  pitting  was  usually  found  at  the  blister  center;  however,  pitting 
was  found  throughout  the  expanse  of  the  blister  area  reaching  all  the  way  to  blister  edges.  The 
symmetrical  nature  of  the  pitting  found  in  AAl  100-H14  blisters  suggested  a  possible  correlation 
to  metallurgical  features  of  the  alloy,  i.e.,  subgrain  structure.  As  seen  in  Figure  50,  average 
feature  sizes  between  an  expanse  of  shallow  pitting  and  the  subgrain  structure  of  polished 
AA1100-H14  are  not  related.  The  subgrain  structure  of  AA1100-H14  is  approximately  three 
times  the  size  of  shallow  pitting  inside  blisters. 

For  AA1100-H14  blisters  containing  corrosion  product  rings,  the  largest  density  of  shallow 
pitting  was  again  found  at  the  blister  center.  Lower  densities  of  pits  were  located  in  each  section 
of  the  product  rings.  Figure  51  shows  a  series  of  CLSM  images  of  a  blister  grown  in  0.02M 
NaCl  containing  corrosion  product  rings  near  its  center.  Average  pit  depths  are  approximately 
10  pm  or  less. 


Figure  6.  Digital  photograph  (a)  and  CLSM  images  (200x)  of  a  three-week-old  blister  grown  in 
0.02M  NaCl  with  corrosion  product  rings,  (b)  CLSM  image  of  blister  center  showing  the  highest 
density  of  shallow  pitting,  (c)  CLSM  image  of  area  between  outer  ring  and  center  and  (d)  CLSM 
image  of  pitting  at  the  corrosion  product  outer  ring.  The  lesser  density  of  pitting  beyond  the 
blister  center  is  evident.  Average  pit  depth  is  less  than  10  pm. 


Freestanding  Thin  Films  and  Coating  Capacitance  Behavior 

Coating  capacitance  values,  Ccoat,  were  obtained  through  equivalent  circuit  model  fits  of 
impedance  spectra  of  freestanding  thin  epoxy  films.  Assuming  that  capacitance  ehanges  are 
proportional  to  permittivity  changes,  the  percentage  of  water  uptake  by  the  epoxy  coating  can  be 
ealeulated  directly  from  coating  capacitance  changes  using  the  following  equation^: 

O  =  (LogCt/Co)/log£ 

water 

where  Ct  is  the  coating  capacitance  at  time  t,  Co  is  the  capacitanee  at  the  start  of  the 
experiment  (linearly  extrapolated  from  Ct(t)  for  t  0)  and  Swater  is  the  dielectrie  constant  of  pure 
water  (~  80  at  25°C).  The  distribution  of  water  is  assumed  to  be  random  and  uniform  throughout 
the  coating.  From  the  coating  capacitance  data,  diffusion  coefficients  at  eaeh  Cf  concentration 
were  calculated  assuming  a  continuous  model  where  each  layer  of  thickness  of  the  coating 
contributes  to  the  overall  film  capacitanee^.  The  calculated  diffusion  coefficients  for  water 
through  freestanding  epoxy  coatings  decreased  from  6.43  x  10'”  cm^/s  to  3.92  x  10’’^  emVs  for 
concentrations  from  0.02  M  to  2  M  for  an  assumed  coating  thickness  of  10  pm  ±  3  pm  error. 
The  pereentage  of  water  uptake  by  the  epoxy  coating  is  shown  in  Figure  64,  calculated  from  the 
Figure  63  Ccoat  values.  Note  the  highest  pereentage  of  water  uptake  occurred  in  films  exposed  to 
the  more  dilute  0.02M  NaCl  immersion  solution.  This  fact  is  also  reflected  in  the  highest  Ccoat 
values  of  Figure  63. 


Immersion  Time  (min) 

Figure  7.  Pereentage  of  water  uptake  by  freestanding  epoxy  films  determined  using  Ccoat  values. 
Films  exposed  to  the  lowest  Cf  eoneentrations  exhibited  the  highest  percentage  of  water  uptake. 

Discussion 

The  blister  framework  presented  here  considers  substrate  heterogeneities  and  their 
eontribution  to  the  initiation  and  development  of  blisters.  Constituent  particles  and  intermetallic 
compounds  are  known  to  produce  widespread  micro-galvanic  activity  in  imcoated  Al-Cu  alloys. 
The  critical  role  of  copper,  known  to  largely  influence  the  corrosion  properties  of  Al-Cu  alloys  in 
general,  is  likely  to  control  and  manipulate  underfilm  corrosion  as  well.  It  is  suspected  that  the 
micro-galvanic  activity  at  and  below  the  substrate  surface  affects  how  the  eoating  degrades  and 
the  resulting  corrosion  morphology  associated  with  this  degradation.  This  framework  attempts 
to  relate  blister  formation  and  growth  to  the  microscopic  electrochemical  environment  resulting 


from  subsfrate  heterogeneities.  From  there,  the  framework  expands  to  show  the  relationship 
between  the  substrate  and  the  macroscopic  environment  that  develops  as  a  consequence  of 
microscopic  galvanic  activity. 

Blister  Initiation 

Blister  initiation  cannot  occur  without  the  formation  of  pathways  through  the  coating  that 
allow  ion  transport  from  the  solution  environment  to  the  bare  metal  surface,  whether  through 
inherent  pores  within  the  coatings  and/or  other  defects.  The  sources  of  these  pathways  or  their 
formation  as  a  result  of  water  uptake,  for  example,  are  not  addressed  in  this  work.  The 
assumption  has  been  made,  relative  to  this  framework,  that  corrosion  precludes  blister  formation 
so  that  the  swelling  of  the  coating  due  to  osmotic  pressure  is  a  consequence  of  pitting  phenomena 
underneath  the  coating. 

Blister  initiation  on  Al-Cu  alloys  appears  to  be  potential-controlled.  Blister  initiation 
times  decreased  to  only  one  or  two  days  on  AA1100-H14  as  a  result  of  potentiostatic  holds  at 
more  noble  potentials  (higher  than  Epu),  like  those  of  the  approximate  open  circuit  potential  of 
AA2024-T3.  These  reduced  initiation  times  compared  to  those  seen  on  AA2024-T3  under  OCP 
conditions.  Most  of  the  AA1100-H14  coated  samples  that  initiated  blisters  under  OCP 
conditions  did  so  with  a  simultaneous  decrease  in  the  open  circuit  potential.  An  initial  increase 
in  the  global  open  circuit  potential  is  mainly  due  to  the  uptake  of  water  by  the  epoxy  film  and  an 
increased  cathodic  reaction  rate  (ORR  requires  water  as  a  reactant).  The  coated  panel 
surrounding  the  tiny  corrosion  anode  at  the  bottom  of  a  pore  or  defect  acts  as  a  large  cathode  due 
to  the  ability  of  oxygen  to  permeate  the  film;  as  a  consequence,  the  cathode-to-anode  area 
increases.  An  increased  cathodic  reaction  rate  also  causes  an  increase  in  the  passive  dissolution 
rate  so  that  the  potential  has  to  increase  to  support  the  reaction,  per  mixed  potential  theory.  In 
some  cases,  the  global  OCP  measured  for  the  first  several  days  on  coated  AA1100-H14  rose 
above  the  measured  pitting  potential,  as  in  Figure  32,  so  that  stable  pits  were  initiated  prior  to  the 
appearance  of  a  blister;  however,  blisters  also  initiated  without  the  global  OCP  necessarily  ever 
rising  above  Epjt.  Metastable  transients  were  observed  in  the  measured  global  OCP  frequently, 
both  before  and  after  the  appearance  of  an  active  blister.  These  observations  suggest  that 
metastable  pits  may  have  been  capable  of  causing  blister  formation  below  Epit. 

Another  consideration  is  the  alloy’s  tendency  to  pit  at  or  near  open  circuit,  most  likely 
due  to  local  clusters  of  Cu  and  Fe  impurities.  Any  local  increase  in  the  potential  of  the  A1  matrix 
above  Epit  (for  the  appropriate  CF  concentration)  near  a  Cu  or  Fe-containing  particle  can  cause 
stable  pitting  due  to  the  Cu  and  Fe-rich  particles’  tendency  to  enhance  cathodic  kinetics*®. 
Therefore,  local  matrix  potential  increases  in  AA1100-H14  could  be  enough  to  induce  pitting 
without  a  global  OCP  increase  above  Epit. 

The  issue  of  whether  the  subsequent  potential  decrease  is  a  consequence  of  blister 
formation  or  vice  versa  is  entangled  in  the  pitting  kinetics  on  the  alloy.  Destabilization  of  the 
passive  film  occurs  at  local  sites  on  the  A1  matrix  upon  chloride  migration  to  the  bare  metal- 
solution  interface.  Following  mixed  potential  theory,  locally  higher  current  densities  at  the  bare 
metal  sites  where  the  passive  layer  has  broken  down  cause  a  subsequent  potential  decrease, 
reducing  the  rate  of  anodic  dissolution  and  accelerating  the  ORR.  The  new  dissolution  rate  is 
still  higher  than  the  passive  dissolution  rate  of  the  alloy,  so  that  pitting  damage  is  more  severe 
than  it  was  before  the  passive  layer  was  destroyed.  An  accelerated  ORR  can  lead  to  enhanced 
delamination  at  cathodic  sites  and  promote  blister  formation. 


Pit  stability  on  A1  is  dependent  on  changes  in  the  local  pit  environment,  mainly  local  pH 
and  Cr  concentration".  Occluded  chemistries  developed  inside  initiating  blisters  may  be  the  key 
to  continued  pit  stability  on  AA1100-H14  so  that  localized  passive  layer  breakdown  and  the 
subsequent  potential  decrease  depend  solely  on  the  support  of  the  local  blister  environment.  This 
explanation  is  not  likely  due  to  the  induction  time  needed  to  develop  an  appropriate  occluded 
solution  to  support  stable  pitting. 

It  is  likely  that  blister  formation  is  a  consequence  of  the  potential  decrease  occurring  as  a 
result  of  pitting;  this  is  evidenced  by  the  first  observation  of  blisters  at  the  “bottom”  of  a  global 
OCP  decrease,  as  seen  in  Figures  32  and  33.  Blister  initiation  on  AAl  100-H14  is  controlled  by 
potential  with  the  assistance  of  water  uptake  and  oxygen  transport  through  the  coating,  both  of 
which  are  discussed  in  the  next  section. 

Results  of  the  freestanding  thin  film  experiments  were  in  agreement  with  results  obtained 
in  the  literature""".  The  main  finding  was  that  water  uptake  decreased  with  increasing  chloride 
concentration.  With  this  result,  it  was  expected  that  the  most  dilute  of  the  tested  immersion 
solutions,  0.02M  NaCl,  would  show  the  greatest  degree  of  blistering,  and  the  most  concentrated 
solution,  2M  NaCl  would  show  the  least  amount;  however,  the  intermediate  concentration  of 
0.2M  NaCl  was  found  to  be  the  most  aggressive  chloride  concentration  by  far  for  coated 
AA1100-H14.  More  blisters  initiated  at  this  Cf  concentration  than  in  any  of  the  other  tested 
immersion  solutions.  Refer  to  Figures  23  and  24.  Coated  AAl  100-H14  panels  immersed  in  high 
purity  Milli-Q  water  did  not  initiate  blisters,  likely  due  to  the  lack  of  chloride  ions  available  to 
instigate  pitting.  The  fact  that  the  mid-range  chloride  concentration  immersion  solution 
displayed  the  highest  degrees  of  blistering  implies  that  there  are  two  competing  processes  in 
blister  initiation. 

Just  as  the  results  presented  in  this  work  suggest  that  blister  initiation  is  controlled  by 
potential,  solution  environment  factors  such  as  water  uptake  and  oxygen  availability  become 
competing  factors  for  blister  formation  at  specific  ranges  of  Cf  concentration.  Potential 
differences,  namely  between  the  OCP  and  Epu,  control  blister  initiation  at  lower  Cf 
concentrations  while  water  uptake  and  oxygen  transport  direct  blister  formation  at  the  higher 
chloride  concentrations. 

Resulting  Surface  Anode/Cathode  Development 

As  mentioned  previously,  blister  formation  probably  originates  at  a  corroding  IMC, 
which  has  been  suggested  to  later  become  the  center  of  the  blister.  Common  phases  found  in 
AA1100-H14  include  FeAls  and  FesSiAfia.  Fe,  presumably  in  the  form  of  iron  oxides,  was 
found  to  deposit  at  the  center  of  some  AAl  100-H14  blisters.  Blisters  with  Fe  deposits  exhibited 
cathodic  activity  as  determined  through  SRET  experiments.  When  describing  blistering  on  steel 
due  to  paint  defects,  Funke  reported  observations  of  a  brown  spot  located  at  the  center  of  the 
blister,  later  determined  to  be  simple  rust  by  chemical  analysis'^.  These  blisters  tended  to  be 
cathodic  in  nature,  and  Funke  attributed  a  membrane  of  hydrated  iron  oxides  covering  the  defect 
whose  metallic  base  was  corroding  to  furthering  blister  growth  due  to  osmotic  pressure  effects. 
Anodic  polarization  at  the  bottom  of  the  pore  occurs  once  the  area  is  depleted  in  oxygen  due  to 
blockage  by  semipermeable  corrosion  products.  Circular  cathodic  regions  develop  around  the 
anodic  pore,  setting  up  conditions  for  cathodic  delamination  discussed  earlier  for  coated  steel. 

IMC  corrosion  of  Fe-containing  particles  in  AAl  100-H14  and  the  formation  of  iron  oxide 
precipitates  on  the  substrate  at  the  center  of  the  blister  alter  the  electrochemical  activity  inside 
AA1100-H14  blisters.  The  entire  blister  area  becomes  cathodic,  and  the  development  of  the 


cathodic  region  throughout  the  blister  occms  according  to  the  cathodic  delamination  scenario 
posed  for  coated  steel.  Note  that  anodic  activity  that  might  be  occurring  underneath  the  iron 
oxide  precipitate  would  not  be  detected  during  the  SRET  scan. 

Blister  Growth  Mechanism  -  Anodic  Undermining  vs.  Cathodic  Delamination 

There  are  three  possible  mechanisms  that  can  support  blister  growth  on  epoxy-coated 
AA1100-H14:  (1)  cathodic  delamination,  (2)  anodic  undermining,  and  (3)  corrosion  product 
wedging.  Corrosion  product  wedging,  which  is  heavy  accumulation  of  product  at  the 
substrate/coating  interface  that  forces  coating  detachment  by  mechanical  force,  has  not  been 
mentioned  in  this  work  previously.  Evidence  exists  for  and  against  both  cathodic  delamination 
and  anodic  undermining  and  will  be  discussed  below. 

Corrosion  product  wedging  has  been  eliminated  from  consideration  for  three  reasons. 
First,  corrosion  product  accumulation  usually  occurred  homogeneously  throughout  the  blister 
area  and  tended  to  be  of  uniform  thickness.  Blisters  that  contained  concentric  rings  and  circles 
of  product  only  at  blister  centers  without  heavy  accumulation  elsewhere  continued  to  grow 
without  product  buildup  near  blister  edges.  Second,  deeper  pitting  would  be  expected 
underneath  corrosion  product  near  blister  edges  due  to  crevice  effects.  SEM  and  CLSM 
examination  did  not  reveal  increased  pit  depth  near  blister  edges.  Evidence  of  episodic  growth 
would  be  characterized  by  deep  pitting  patterns  at  the  edges  of  each  product  ring;  however, 
CLSM  studies  indicated  reduced  pitting  within  the  ring  areas  compared  to  the  blister  center. 
Third,  a  time  factor  would  be  required  between  growth  spurts  for  adequate  buildup  of  corrosion 
product  to  promote  the  wedge  effect.  Lateral  blister  growth  rates  tended  to  be  linear  for 
AA1100-H14  with  no  evidence  of  an  incubation  period  prior  to  growth  for  corrosion  product 
accumulation. 

Anode/Cathode  Development 

SRET  data  indicated  that  the  majority  of  blisters  grown  on  epoxy-coated  AA1100-H14 
showed  purely  anodic  behavior  with  cathodic  activity  distributed  outside  of  the  blister 
underneath  the  coating.  Only  the  few  AA1100-H14  blisters  with  iron  oxide  deposits  at  their 
centers  exhibited  cathodic  activity. 

Potentials  representing  anodic  activity  were  spread  out  through  the  entire  expanse  of  the 
blister,  all  the  way  out  to  blister  edges.  Corrosion  damage  also  extended  to  the  edges  of  blisters. 
This  implies  that  anodic  undermining  is  the  main  mechanism  of  blister  growth  for  AAl  100-H14. 
AA1100-H14  susceptibility  to  anodic  undermining  was  indicated  by  the  potentiostatic  hold 
experiments  at  the  approximate  open  circuit  potential  of  AA2024-T3  where  blister  growth  was 
promoted  by  anodic  polarization.  The  poor  dry  adhesion  exhibited  by  AA1100-H14  eases 
anodic  undermining  by  facilitating  the  progression  of  coating  detachment  from  the  substrate 
upon  metal  dissolution.  A  random  distribution  of  adhesion  throughout  a  coated  substrate 
rationalizes  random  blister  locations,  in  the  absence  of  substrate  heterogeneities. 

Locally  delaminated  sites  may  act  as  local  cathodes  outside  of  the  blister  that  support 
anodic  undermining  inside  the  blister.  Recall  that  the  locally  delaminated  sites  were  areas  of 
small  delamination  where  corrosion  products  collected,  and  no  corrosion  damage  was  detected 
inside  these  features;  however,  local  delamination  was  only  observed  at  chloride  concentrations 
of  0.2M  and  above.  For  the  0.02M  NaCl  case,  the  cathodic  reaction  may  be  distributed  over  the 
unblistered  substrate  immediately  adjacent  to  the  active  blister  without  discrete  local  cathodes 
developing  due  to  the  decreased  concentration  of  aggressive  anion.  SRET  experiments  over 


areas  of  local  delamination  were  imable  to  detect  any  significant  cathodic  activity  at  these  sites. 
It  is  assumed  that  these  sites  acted  as  cathodes  due  to  the  heavy  accumulation  of  corrosion 
product  with  no  appreciable  corrosion  damage  (with  the  exception  of  crevice  corrosion  along  the 
edges).  The  mechanism  of  delamination  at  these  particular  sites  is  unclear  at  this  time.  The 
effect  of  IR  drop  has  also  not  been  clarified  with  respect  to  the  distance  between  potentially 
cathodic  delaminated  sites  and  the  anodic  blister.  Locally  delaminated  sites  were  located  across 
the  expanse  of  each  coated  panel,  and  ER  drop  would  become  a  problem  the  farther  away  these 
cathodic  sites  were  from  the  anodic  blister. 

The  possibility  of  cathodic  delamination  on  AA1100-H14  may  exist  for  cathodic 
AA1100-H14  blisters  containing  iron  oxide  deposits.  As  described  above,  the  development  of 
the  cathodic  region  throughout  the  Fe-containing  blister  appears  to  occur  according  to  the 
cathodic  delamination  scenario  posed  for  coated  steel.  Deep  pits  greater  than  the  typical  shallow 
10  pm  depth  for  AA1100-H14  were  observed  underneath  the  iron  deposits,  providing  the  anodic 
center  to  support  surrounding  cathodic  activity.  Decreased  pitting  was  detected  radiating  out 
from  the  central  Fe  deposit,  supporting  a  central  anode  inside  cathodic  blisters. 

Local  Electrochemical  and  Chemical  Blister  Development  , 

AAl  100-H14  blisters  tend  to  show  either  complete  anodic  or  complete  cathodic  activity; 
SRET  data  did  not  indicate  anode/cathode  separation  within  each  blister.  Local  OCP 
measurements  taken  with  microelectrodes  inside  individual  blisters,  although  weak  in  volume, 
provide  some  information  regarding  the  galvanic  nature  of  active  blisters  with  the  unblistered 
substrate  and  suggest  whether  a  blister  would  be  expected  show  either  anodic  or  cathodic 
activity.  Table  16  compares  global  OCP  values  at  the  time  of  blister  initiation  with  the  local 
internal  blister  OCP  and  pH  obtained  prior  to  sampling.  The  0.2M  NaCl  measurements  reflect 
blisters  with  Fe-containing  deposits  at  their  centers. 

Galvanic  coupling  between  the  blisters  initiated  in  0.02M  NaCl  and  their  respective 
substrates  outside  of  the  blister  indicate  that  the  unblistered  substrate  would  be  more  active  than 
the  blister,  with  the  blister  serving  as  a  net  cathode.  CE  data  reveals  a  few  interesting  points. 
Chloride  was  detected  in  concentrations  greater  than  the  bulk  for  both  blisters,  suggesting 
increased  anion  migration  into  the  blister  to  compensate  for  amplified  corrosion  activity; 
detected  Al^^  concentrations  were  0.03M  (-O.SIOVsce)  and  SxlO'^M  (-0.560Vsce)-  The  latter 
aluminum  cation  concentration  was  the  lowest  Al^^  concentration  detected  and  indicates  little 
corrosion  activity  inside  the  blister.  Reduced  metal  dissolution  inside  a  growing  blister  suggests 
cathodic  activity  and  would  rationalize  the  high  measured  local  OCP  for  the  -0.560Vsce  blister. 
The  0.02M  NaCl  local  OCP  measurements  reflect  early  attempts  at  microelectrodes  and  blister 
sampling,  and  caution  should  be  used  when  making  conclusions  about  the  local  electrochemistry 
and  chemistry  of  these  blisters  based  on  potentially  large  errors. 

All  of  the  0.2M  NaCl  local  OCP  data  reflects  blisters  containing  iron  (oxide)  deposits  and 
would  be  expected  to  behave  as  cathodes.  pH  values  obtained  for  the  blisters  denoted  by  * 
support  the  local  OCP  measurements  and  the  concept  of  cathodic  blisters.  Local  OCP  values 
were  nobler  than  the  potential  of  the  xmblistered  substrate,  and  the  high  pH  values  (especially  a 
value  of  10)  are  consistent  with  cathodic  activity.  Low  pH  values  inside  blisters  reflect  high 
anodic  dissolution  rates.  The  differences  in  pH  values  may  be  reflective  of  the  driving  force  for 
galvanic  activity  indicated  by  the  potential  differences  between  the  blisters  and  the  unblistered 
substrates.  For  example,  a  larger  driving  force  for  coupling  exists  (~  44  mV)  for  the  high  pH 
blister.  The  local  OCP  of-0.807VscE  is  also  consistent  with  cathodic  activity. 


The  last  value  corresponding  to  0.2M  NaCl,  -0.963Vsce  indicates  that  the  outside  of  the 
blister  is  nobler  than  the  blister  area,  despite  the  tendency  for  Fe-containing  blisters  to  exhibit 
cathodic  activity;  however,  the  unblistered  substrate  and  blister  OCPs  are  separated  by  only  5 
mV.  A  slightly  higher  chloride  and  aluminum  concentration  detected  in  the  0.2M  NaCl  blister 
with  a  local  OCP  of  -0.963Vsce  provides  little  information  with  respect  to  the  apparent  anodic 
behavior  of  the  blister. 

It  is  likely  that  corrosion  activity  had  been  stifled  for  the  blister  represented  by  the  first 
set  of  local  OCP  and  pH  values  for  2M  NaCl  blisters.  Local  measurements  were  conducted  over 
200  days  after  blister  initiation.  pH  values  of  5  to  8  imply  reduced  amounts  of  Al^"^  due  to  the 
low  solubility  of  Al(OH)3  in  this  pH  range.  CE  data  was  available  for  the  blister  with  a  pH  of 
5.3,  which  was  the  youngest  blister  initiated  at  the  time  of  local  measurement.  Chloride  and 
aluminum  were  detected  in  relatively  high  concentrations  compared  to  other  blisters,  0.3M  and 
0.06M,  respectively  so  that  a  correlation  between  local  OCP,  pH,  and  chemistry  cannot  be  made 
with  this  set  of  data.  The  local  OCP  does  indicate  that  the  blister  was  anodic  compared  to  the 
rest  of  the  unblistered  substrate,  which  would  be  expected,  based  on  the  deep  pitting  morphology 
seen  inside  the  blister  area  upon  examination. 

It  should  be  noted  that  acetate  was  detected  in  some  AAl  100-H14  blisters.  Acetate  is  not 
a  component  of  the  electrolytic  solutions  used  in  CE  testing;  thus,  the  organic  acid  likely 
originates  from  the  epoxy  coating  itself  Acetone  as  a  cleaning  agent  has  been  proposed  to 
account  for  the  presence  of  acetate  in  a  variety  of  circumstances’^,  but  acetate  was  detected  in 
AA1100-H14  blisters  even  though  acetone  was  not  used  in  the  alloy’s  cleaning  procedure.  The 
presence  of  acetate  in  occluded  blister  solutions  may  be  an  indication  of  coating  degradation, 
although  possible  sources  in  the  coating  formulation  are  unknown  at  this  time. 

Resulting  Corrosion  Morphology 

The  typical  corrosion  morphology  for  0.02M  and  0.2M  NaCl  blisters  was  shallow  pitting 
that  was,  in  general,  uniformly  distributed  throughout  the  blister  area.  One  contribution  to  such 
morphology  is  the  poor  dry  adhesion  as  shown  through  POTS.  With  low  adhesion  between  the 
epoxy  coating  and  the  AAl  100-H14  substrate,  it  would  be  expected  that  blister  growth  laterally 
would  be  enhanced  due  to  decreased  forces  that  must  be  overcome  in  order  for  the  coating  to 
detach  from  the  substrate.  In  this  manner,  lateral  grov^dh  of  corrosion  pits  that  develop 
underneath  the  detached  coating  is  facilitated  since  their  formation  relies  on  the  geometry  of  the 
occluded  site  inside  a  blister,  which  is  also  not  constrained  by  high  adhesion.  On  AAl  100-H14, 
pitting  then  would  be  expected  to  be  wide  and  shallow  because  large  pit  depths  are  not  required 
to  compensate  for  the  inability  to  grow  outward. 

AA1100-H14  corrosion  morphology  can  also  explained  by  growth  due  to  anodic 
undermining,  which  bears  a  close  relationship  to  pitting.  A  short  incubation  time  would  be 
necessary  to  allow  sufficient  metal  dissolution  to  cause  coating  detachment.  In  this  manner, 
blister  growth  would  be  largely  irregular  during  the  early  stages  of  anodic  undermining.  In  other 
words,  a  perfectly  circular  region  of  delaminated  coating  aroxmd  an  active  blister  at  its  periphery 
would  be  rare.  Light  microscope  and  CLSM  studies  have  indicated  that  regions  of  the  coating 
detach  in  individual  round  sections,  such  as  those  described  in  local  delamination.  See  Figure 
54(b).  Individual  delaminated  areas  resemble  small  bubbles  in  the  organic  coating.  Small 
pockets  of  occluded  solution  in  each  small  delamination  set  up  appropriate  conditions  for  pitting 
and  can  cause  pit  shapes  consistent  with  the  detached  region  geometry.  These  observations 
suggest  that  episodic  growth  in  AA1100-H14  blisters  may  result  from  individual  delaminated 


pockets  in  the  coating  that  later  coalesce  into  a  larger,  round  delamination  front,  such  as  the  one 
seen  in  Figure  29(b)  and  Figure  44(b).  Note  that  anodic  activity  was  detected  throughout  both 
the  swollen  part  of  the  blister  in  Figure  44(b)  as  well  as  in  the  delamination  front,  providing 
further  evidence  for  juiodic  undermining. 

General  corrosion  attack  on  the  order  of  2-3  pm  was  observed  inside  AA1100-H14 
blisters  that  had  been  exposed  to  deaerated  conditions.  No  appreciable  blister  growth  was 
measured  during  the  deaeration  period;  however,  it  has  been  suggested  that  reduced  corrosion 
rates  were  supported  during  deaeration  by  the  HER  due  to  precipitation  formation.  The  light 
general  corrosion  attack  is  consistent  with  metal  dissolution  that  leads  to  anodic  undermining, 
providing  further  evidence  for  the  alloy’s  capacity  for  anodic  undermining.  Hemispherical 
pitting  of  the  morphology  usually  seen  under  ambient  conditions  was  also  observed  in  the 
deaerated  blister  area,  having  likely  occurred  both  before  and  after  deaeration.  Blister  growth 
was  not  supported  during  deaeration  by  way  of  anodic  undermining  because  the  anodic 
dissolution  rates  were  lowered  significantly  by  the  decrease  in  potential  associated  with 
elimination  of  the  ORR. 

Conclusions 

Blister  initiation  is  controlled  by  potential  and  the  chloride  concentration  of  the  bulk 
solution  for  AAl  100-H14.  Upon  immersion,  the  coated  alloys  experience  global  increases  in  the 
OCP  (to  near  or  above  Epit)  associated  with  water  uptake  and  oxygen  transport  through  the 
coating  and  an  increasing  cathode-to-anode  ratio.  This  potential  increase  is  followed  by  a 
potential  decrease  associated  with  local  sites  of  passive  layer  breakdown  and  pitting  upon  which 
simultaneous  blister  formation  occurs.  The  tendency  for  single  blister  initiation  on  AAl  100-H14 
is  related  to  the  cathodic  protection  afforded  by  the  subsequent  potential  decrease  and  the 
decreased  local  electrochemistry  due  to  low  particle  density. 

Blister  growth  appears  to  occur  on  AA1100-H14  by  way  of  anodic  undermining 
supported  by  results  from  SRET,  dry  adhesion  tests,  corrosion  morphology  in  the  blister  area, 
local  delamination  morphology,  blister  initiation  in  sulfate  +  chloride  electrolyte,  and  local 
blister  environment  characterization.  The  possibility  of  cathodic  delamination  as  a  mechanism 
for  coated  A1  alloy  blister  growth  has  not  been  completely  eliminated,  although  most  of  the 
results  presented  in  this  work  better  support  anodic  undermining.  All  blisters  behave  as  net 
anodes  in  the  early  stages  of  life.  A  fast  shift  to  dominant  cathodic  activity  occurs  on  AAl  100- 
H14  if  iron  oxide  deposits  inside  the  blister  The  epoxy  coating  detaches  in  a  series  of  small  areas 
of  delamination  that  coalesce  prior  to  new  blister  growth  spurts.  The  formation  and  function  of 
locally  delaminated  sites  outside  of  active  blisters  is  unclear  at  this  time. 

The  effect  of  varying  chloride  concentrations  revealed  a  competing  process  with  potential 
control:  water  uptake  by  the  coating.  Slower  water  uptake  occurs  at  high  CF  concentrations 
ii.e.,  2M  NaCl)  reducing  the  amount  of  reactant  water  available  for  the  cathodic  reaction  and 
decreasing  the  transport  medium  for  cations  to  the  coating/substrate  interface  to  maintain 
electroneutrality. 
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